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This  r e p o r t  i s  submitted i n  t h r e e  volcmes t o  t h e  Nat ionai  Aero- 
n a u t i c s  and Space A d n i n i s t r a t i o n ,  !!arshall Space F l i g h t  Center ,  
i n  p a r t i a l  f u l f i l l m e n t  oE t h e  requirements  of  Contract  WS8- 
29622. 

The o b j e c t i v e  cf t h i s  c o n t r a c t u a l  e f f o r t  has  been t o  d e f i n e  per- 
formance require i ients ,  prei irninary des igns ,  and development 
program p l a n s  f o r  an a i r b o r n e  recovery s y s t e n  f o r  the Space 
S h u t t l e  So l id  Rockec Booster ,  wi th  minimum t o t a l  program c o s t s  
being t h e  p r i n a r y  s e l e c t  ion  c r i t e r i o n .  
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SUTDW:Y 

A s tudy  bas i>een conducted - to  d e f i ~ e  the  requirements f o r  a re- 
covery system capable of  groviding water impact zonditions f o r  
the  Solid Rocket Booster (SRC) which would resljlt i n  a hi@ pro- 
bab i l i t y  of S4B f l o t a t ion ,  r e t r i e v a l ,  and r-euso. This study 
encompassed the  f l i g h t  phases of t he  SRB following a sticcessful 
ascent and separat ion fram t h e  Shutt ie  External Tank t a -wa te r  

f a c i l i t i e s ,  recurr ing hardware, and r e f u r b i s h 4 n t  cos ts .  
.- 

- 
The recovery systen w a s  not desigaed t o  acc&date t ! ~  re- 
covery of SRBs frcm an aborted mission. 

SRB s u r d v a b i l i t y  with a major recovery system elenent  f a i l e d  - 

(e.g., parachute o r  re t rorocket )  was considered only &en it  
proved t o  be cost e f fec t ive .  

S i~u t t  l e  systen sa fe ty  o r  mission success p r o h b i l i t y  . 
The SRB basel ine configuration, separat ion conditions,  aerodynamic 
character  ist f cs ,  water i3pac.t test - data ,  nnd SRB motor case 
s t rength  data were supplied by the  NASA. A Monte Carlo statis- 
t i c a l  technique using random sampling of t he  probabi l i ty  d i s t r i -  -- 

bution f o r  the c r i t i c a l  water impact parameters was used t o  '2- 
t e m i n e  the  f a i l u r e  probabi l i ty  of each SRB compor.ent as func-ions 
of impact ve loc i ty  and component s t r eng th  capabi l i ty .  

We applied the  bes t  ava i lab le  SRB aerodynanic and water impact 
loads da ta  t o  the  ana lps is  def i a i n g  the  recovery systeia require- 
ments, mininizing subjec t ive  value j udgmedts . Baseline design 
concepts were derived t o  s a t i s f y  these  requirements and a minimum 
cos t  recovely system was e s t ~ b l i s h e d ,  assuming these  da t a  w e r e  
comp;ete and accurate.  W e  then (1) i den t i f i ed  concerns regarding 
the  c o n p l e t e ~ e s s  , accuracy, and app l i cab i l i t y  o f ,  t he  da ta ,  (2) sug- 
gested tiethods fo r  resolving these concerns, anG (3) estimated the  
impact various da ta  uncer ta in t ies  could have on the  recovery sys- 
ten design and 2rograrn cos ts .  Thus, -the resclts of t h i s  study 



provide t h e  SASA wi th  a miniinurn c c s t  SRB recovery system f o r  a 
s p e c i f i c  set of inpu t  d a t a ,  p l u s  parametr ic  r e s u l t s  and altern.-.- 
t i v e s  t h a t  a l low a p p l i c a t i o n  of j u s t i f i e d  s u b j e c t i v e  value judg- 
ments, cont ingencies ,  aud c o n s e r v a t i s n  i n  s e l e c t i n g  a recomended 
SRB recovery sys ten .  

The f l i g h t  phases of p a r t i c u l a r  i n t e r e s t  t o  t h i s  s tudy  a r e  :llus- 
t r a t e d  i n  Figure  1. I n  s e q u e n t i a l  o rder ,  t h e s e  phases are post- 
s e p a r a t i m ,  c o a s t ,  i n i t i a l  d e c e l e r a t i o n  an? s t a b i l i z a t i o n  (ID&S), 
t e rmina l  d e c e l e r a t i o n  and descent  (TD&3), water impact, and f l o t a -  
t i o n .  The recovery system requireuients propagate  i n  r e v e r s e  
o r d e r ;  i -e . ,  accep tab le  wa te r  entry condi t ions  d e f i n e  requ i re -  
ments f o ~  TD&D system des ign ;  TDdD deployment c o n d i t i o n s  set t h e  
requirements f o r  t h e  ID&S phase. 
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The TDLD phase s tudies  have been paramrLric i n  nature t o  allow 
weight and -9st tradeof is for  var ia t ions  i n  chute s i ze ,  type, 
number of chutes, use of a drogue versus d i rec t  deployment of 
the  mains, accelerat ion history,  and deployment a l t i tude .  Guide- 
l i n e s  f o r  Low r i s k  parachute design gathered from s p e c i a l i s t s  in  
the  psrachute industry have been observed i n  formulating the  
conc1usl;ns of the  study and se lec t ion  of the  baseline preliminary 
design ,-oncept. The r e s u l t s  of t h i s  study phase indicate: 

Low r t s k  design r e s u l t s  from parachute dianeter  41 m (135 f t )  
and c l u s t e r  s i z e  of 3 o r  less, with a basic the-simpler-the- 
be t t e r  philosophy: 

a RCbbon parachutes a r e  the  most p rac t i ca l  type f o r  t h i s  appli- 
cation: 

0 A drogue chute is nor required; 

a Deployment a i t i t u d e  l e s s  than 3.0 km is feas ib le ;  

a A s ing le  reefing s tage  is su f f i c i en t  ; 

Hybrid systems (parachutes plus retrorockets)  are more cos t  effec- 
t i v e  than a pure parachute system f o r  impact ve loc i t i e s  below 
27.4 m / s  (90 fps).  

The deployment boundaries f o r  the  drogue and main parachute sys- 
tems a r e  presented i n  Figure 2. The nominal and dispersed entry 
t r a j e c t o r i e s  of the  SRB a r e  a l s o  shown i n  t h i s  f igure.  These 
data indica te  t h a t  t h e  na tu ra l  s t a b i l i t y  of the  SRB w i l l  assure 
s a t i s f a c t o r y  deployment coaditions f o r  e i t h e r  a system employing 
a drogue o r  one using only main parachutes. 

The aerodynamic data  f o r  the  SRB indica tes  a very str. ~g subsonic 
s t a b l e  trim point at an angle of a t t a c k  of 1.75 rad (. 9 deg) f o r  
the  nominal cg locat ion (57% body length). The trim angle of 
a t tack  va r i e s  from 1.4 t o  2 rad (80 t o  115 deg) over a 24% body 
length var ia t ion  i n  the  r e l a t i v e  cg and cp  locat ions.  These data  
predict the  SRB w i l l  trim i n  a high drag a t t i t u d e  over a subs tant ia l  
uncertainty i n  cg and/w c locat ion  resul t ing  i n  a dynamic pres- ! sure  of l e s s  than 9600 N/m (200 psf) at main parachute deploy- 
ment a l t i tude ,  a s  i l l u s t r a t e d  i n  Figure 3. 

The SRB entry t r a j ec to ry  analys is  a l s o  predic ts  t h a t  a r o l l  r a t e  
up t a  1.75 rad/s  (100 degfs) may be experienced at the  time of 
parachute deployment. The occurrence of t h i s  continuous r o l l  is 
a function of the  r o l l  a t t i t u d e  and r a t e  a t  maximum dynamic pres- 
sure, and thus while not t ru ly  random i n  nature, cannot be avoided. 
Thus, recovery system design muqt accammodate deployment from a 
ro l l ing  body. 

wV 



I+ m 

a- 

20 - 

lo- 

o - 

P i p r e  2 High a Reentry with Disperswns Meets ID& 
h'equi~enents 

Lonqitudinat CC Location Determines 14a3cimwn and 
DepZoyment q 



Increment I1 of the  contract was added t o  a id  i n  the  def in i t ion  
of water i ~ a c t  loads and SRB strength analysis.  These a r e  sum- 
marized a s  follows: 

I , , 0 The computer program developed t o  t r ans la te  slapdown pressure 
d i s t r ibu t ions  t o  concentrated normal loads is  being used t o  
analyze the  SREf case during slapdown. 

0 Failure c r i t e r i a  have been developed-for use a s  design and 
analysis  c r i t e r i a  fo r  the  SRB. 

a Comparison of s t a t i c  stress and 6yrramic deflect ion test r e s u l t s  
have shown a dynamic amplification fdctor  over the  range of t e s t  
data available. Thus, t h e  knock-down fac tor  applied t o  s t a t i c  

i loads has not been completely j u s t i f i e d  by test. 

0 Comparison between monolithic and segmented case designs shows 
tha t  fo r  equal weight, t he  s t rength  of t-he 142-in. segmented 
case t o  withstand slapdown loads is 25% greater  than the  mono- 
l i t h i c  case. 

The loads experienced by t h e  SRB a t  water impact were based pri-  
marily on the  results of the  NASA drop tests on a 12.5-in. sca le  
model and the  120-in. Titan 111 SRM. Figure 4 depic ts  the  c r i t i c a l  
loads on the  various components and indicates the  impact condi- 
t ions  contributing t o  these loads. The a f t  end of the  vehicle 
( s k i r t ,  nozzle, and dome) experience peak loads a t  w a t e r  impact, 
and the  loads increase s igni f icant ly  with increased v e r t i c a l  
velocity. A t  combinations of high v e r t i c a l  and horizontal  veloc- 
ities, case loads a l so  become c r i t i c a l  because of peak accelera- 
tions. The forward s k i r t  and the  forward portion of the  SRB case 
experience c r i t i c a l  loading at i n i t i a l  slapdown. These values 
a r e  sens i t ive  t o  horizontal  veloci ty and impact angle, but do not 
cha .be s igni f icant ly  with v e r t i c a l  veloci ty.  Maximum 2enetration 
depch is a function of v e r t i c a l  v+ocicy but does not appear t o  
be c r i t i c a l  f o r  t h i s  configuration. Secondary (rebound) slapdown 
loads may be c r i t i c a l  t o  t'- . forward skirt and case, and should 
be most severe f o r  high verc ica l  veloci ty and low horizontal  
velocity. Test r e s u l t s  a r e  inconclusive, but tend t o  show t h a t  
i n i t i a l  slapdown is  more c r i t i c a l  than secondary slapdo-n. 

The 9t;ength of the  motor case w a s  derived from results of the  
NASA -:atic test on the  120-in. Titan I11 motor case. The strength 
c ;  the other  s tage  hardware components was estimated a s  a function 
or weight. Strength probabil i ty curves were generated fo r  a l l  of 
the  components f o r  use with the  Monte Carlo s t a t i s t i c a l  sampling 
techniques. The parameters considered i n  the  analysis  a r e  l i s t e d  
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i n  Table 1. The parameters marked with an a s t e r i s k  were deleted 
from the  analys is ,  o r  combined with other  parameters, a f t e r  t h e i r  
e f f e c t s  were found t o  be negligible.  The probabil i ty d i s t r ibu t ion  
of the  s ign i f i can t  water impact parameters-horizontal veloci ty 
VH , v e r t i c a l  veloci ty VV , and impact angle (9)--are i l l u s t r a t e d  

i n  Figure 5 f o r  a nominal impact veloci ty of 30.5 m / s  (100 fps).  

Table 1 Parvmreters Considered in  Attrition Analysis 
- 

DEFINITION 

Hang mgleSRB d to m u t e  j 

Parachute rotation rate about vertical 

SRB rotation rate about parachute d 

m u t e  projected azimuth 

SRB & projected azimuth 

Maantemiddescent(cbsigddocity 

Panchute translation velocity due to lift 

Noaktangentidvdodtydwtot~~ 

Rotromotor AV (if clpplicab) 

Retrothrust maor misalignment (to SRB 6 1 

Wind 

Wmmm%vskcity 

Cwrsntnkcity 

-w 
Wave mrrt dimion angle 

Wm direction angle 

Cumnt direction angle 

x ix  
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Nhile the primary objective of t h i s  study was t o  define require- 
ments rather  than develop a configuration, preliminary design con- 
cepts  were derived fo r  cost comparisons and planning purposes. 
The baseline concept was selected t o  r e f l e c t  the  three basic :e-, 
s u l t s  tha t  continued t o  prevail  during the  study: 

1 )  The SRB trims i n  a high drag a t t i t u d e  during entry, thus 
eliminating the  need fo r  a drogue parachute; 

2) Strengthening the  stage hardware components t o  reduce damage 
probabil i ty is more cost  e f fec t ive  than reducing impact 
veloci ty a s  long a s  extensive modification t o  the  motor case 
i t s e l f  is not involved; 

3) The-simpler-the-better philosophy r e s u l t s  i n  high r e l i a b i l i t y ,  
low r i sk ,  and low cost.  

The baseline recovery system design concept selected and a sequence 
of events a r e  i l l u s t r a t e d  i n  Figure 6. The pert inent  fea tures  of 
t h i s  configuration a r e  a s ing le  40.4 m (132 f t )  diameter main 
parachute with a 7.6 m (25 f t )  diameter p i l o t  chute. The deploy- 
ment sequence is  i n i t i a t e d  a t  about 2.3 km (7,500 f t )  a l t i t u d e  by 
e jec t ing  the  nose cap, containing the  p i l o t  chute, with th ree  
small pyro-thrusters. After in f l a t ion ,  the  p i l o t  chute p u l l s  
off the  portion of the  nose cone frustum t h a t  contains the  main 
chute. After main chute i i n e  s t r e t ch ,  the  frustum s t r i p s  away 
from the  main parachute, allowing i n f l a t i o n  t o  reefed condition 
of 30% of the  t o t a l  parachute drag area. The system i s  disreefed 
6.4 seconds a f t e r  i n i t i a t i o n  of deployment of t h e  main parachute. 
The parachute loads a r e  transmittea t o  the  SRB through a swivel 
t o  allow f o r  the  expected r o l l  of the  SRB. The terminal veloci ty 
fo r  t h i s  system is 38 m / s  (125 fps).  This impact ve loci ty  is 
higher than avai lable  test data simulates and map be app~oaching 
cond i t ims  t h a t  produce c r i t i c a l  loads i n  the  case, such a s  peak 
accelerat ion,  hydrostat ic  pressure caused by increased depth of 
penetration, o r  secondary slapdown. Extrapolation of these da ta  
indica te  tha t  of these three  loading conditions, peak accelerat icn 
i s  most c r i t i c a l  and t h i s  load is not l i k e l y  t o  cause case f a i l u r e  
below 40 m / s  (130 fps)  v e r t i c a l  velocity. 

Our baseline design i so la tes  the  SRM case a f t  dome from water 
impact loads by employing a ba f f l e  i n  the  a f t  s k i r t  and j e t t i -  
soning the  nozzle extension before water impact. This approach 
not only allows the  case t o  be designed and optimized f o r  ascent 
[ i f  the  impact veloci ty is below 40 m / s  (130 fps) ] ,  but is  con- 
s iderably l i g h t e r  than strengthening the  a f t  dome. 



NOSE CAP WITH PILOT CHUTE 
EJECTED BY PYR0,THHUSTERS 

' 7, I_-.. - 
PI LOT AND FRUSTUM 
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AT 17.2 mls (S6.5 f p )  A 

PILOT CHUTE 

CHUTE ROTATES 
AND DECELERATES 

PILOT STRIPS FRUSTUM 
FROM MAIN CHUTE BAG 
AND SEPARATES FROM 

FULLY INFLATED 

Figure 6 Dep Zoymen t Sequence 



The base l ine  design employs a swivel to  accommodate t he  r o l l  r a t e  
t h a t  may be  present during deployment. This swivel serves two 
purposes: (1) prevents wrap-up of the  suspension l i n e s ,  and (2) 
allows the  a t t ach  mechanism t o  a l ign  with the  suspension l i n e s  t o  
provide maximum s t rength .  

The requirement f o r  t h e  swivel is somewhat weak and a l e s s  expen- 
s i v e  a l t e r n a t i v e  should be invest igated.  I f  a r o l l  r a t e  of 1.75 
rad /s  (100 deg/s) continued from the  i n i t i a t i o n  of deployment t o  
impact, about 11 complete revolut ions of tho, S2B would r e s u l t .  
It is  poss ib le  t h e  parachute suspension l i n e s  could accommodate 
t h i s  amount of wrapping. A universa l  j o i n t  t o  allow the  a t t a c h  
mechanism t o  a l i g n  with suspension l i n e s  t o  provide maximum 
s t r eng th  during deployment may be an acceptable a l t e r n a t i v e  t o  a 
swivel. 

The se lec ted  concept should be capable of accommodating changes 
i n  requirements as add i t i ona l  da t a  become ava i lab le .  Several  
approaches a r e  poss ib le ,  depending upon when t h e  da t a  become 
ava i l ab l e  and the  na tu re  of t he  changes i n  requirements. Table 2 
lists some poss ib le  changes and probable recovery system design 
modifications i n  response t o  these  changes. 

Tab Ze 2 Base Zine has FZexibi Z i t y  t o  Accomodate Future Design 
Requirement Ckanges 

-- 

DESIGN REQUIREMENT CHANGE 

MORE NOZZLE-FIRST TRIM 
REWLTLNG IN HIGHER 
DEPLOYMENT q 

UNPREDICTABLE OR 
TUMBLING EWRY 

HIGHER IMPACT LOADS 
ON STRUCTURAL COMmNENTS 

HIGHER IMPACT LOADS 
ON SRM CASE REOUIRING: 

VTD 110 * l l f w  

20% SRB INERT 
WEIGHT GROWTH 

- 

MOST LIKELY DESIGN hlODIFICATlON TO MAINTAIN MlNlMUM COST SYSTEM 

ADD STRAKES TO AFT SKIRT 
OR 

A!?D DROGUE TO ACCOMMODATE HIGHER q DEPLOYMENT 

ADD STRAKES OR FINS TO FORWARD SKIRT, FORCE NOZZLE-FIRSST 
ENTRY AND ADD DROGUE 

STRENGTHEN STRUCTURAL COMPONENTS 

INCREASE MAIN PARACHUTE DIAMETER 

CHANOE TO CLUSTER OF THREE MAlN PARACHUTES 

ADD RETROROCKET TO SlNc -E MAlN PARACHUTE DESIGN 

INCREASE MAlN PARACHUTE DIAMETER 

x x i i i  



The r e s d t s  of these s tud i e s  cons is ten t ly  lead  t o  t h e  cone-lusion 
tha t  minimum cos t s  occur i f  the  SRB s t r u c t u r a l  component f a i l u r e  
probabi l i ty  is l e s s  than 1%. Figure 7 shows the  t o t a l  SRB pro- 
gram cost  a s  a funct ion of impact ve loc i ty ,  assuming components 
a r e  designed f o r  a 1% f a i l u r e  probabi l i ty  a t  each descent ve loc i ty .  
These da ta  include DDTbE, new un i t  production, refurbishment,  and 
performance cos t s .  The minimum SRB program cost  f a r  a  445-flight 
program is $1,387 mi l l ion  and occurs a t  an impact ve loc i ty  of 
38 m / s  (125 fps)  . I f  t he  impact ve loc i ty  is  reduced t o  24.4 m / s  
(80 f p s ) ,  t he  t o t a l  SRB program cos t  is shown on Fig.  7  t o  be 
$1,417 mi l l ion  f c r  a  hybrid (parachute p lus  r e t ro rocke t )  recovery 
system, o r  $30 mi l l ion  more than t h e  minimum cos t  system. These 
da ta  show tha t  using a  pure parachute recovery system f o r  a  24.4 
m / s  (80 fps )  impact vz loc i ty  would increase  t h e  cos t  of t he  re- 
covery system by $10 mi l l ion  over t h e  hybrid system. This incre-  
ment is  wi th in  t he  uncer ta in ty  of DDTCE c o s t s  of t h e  recovery 
system a t  t he  lower impact v e l o c i t i e s ,  so i f  t he  reduced impact 
ve loc i ty  i s  des i red ,  add i t i ona l  t rade  s t u d i e s  must be  conductzd 
between the  hybrid and pure parachute recovery system t o  de f ine  
t h e  most cos t  e f f e c t i v e  system. 

I f  the t o t a l  f l i g h t  schedule is reduced t o  225 f l i g h t s ,  t h e  mini- 
mum SRB program cos t  is $840 mi l l ion  and occurs a t  an impact 
ve loc i ty  of 36 m / s  (118 fps) . Based on t h e  t o t a l  cos t  and f l i g h t  
schedule, t he  cos t  per  f l i g h t  is estimated t o  be  $3.12 mi l l i on  
f o r  a  445-flight program and $3.74 mi l l ion  f o r  a  225-flight pro- 
gram. I n  considering only opera t iona l  cos t  and f l i g h t s ,  t h e  cos t  
per f l i g h t  reduces t o  $2.7 mi l l ion  f o r  t h e  445-flight program and 
$2.9 mi l l ion  f o r  the smaller  program. 

These r e s u l t s  were based on parametric cos t  data .  I n  o rde r  t o  
va l ida t e  these  t rends ,  t h e  c o s t s  of s eve ra l  recovery system poin t  
designs were a l s o  estimated. Analysis of these  po in t  designs 
support t h e  s e l e c t i o n  of a  high impact ve loc i ty  f o r  a  minimum 
cos t  system and r e s u l t  i n  t he  same minimum t o t a l  cos t .  The sen- 
s i t i v i t y  t o  impact ve loc i ty ,  however, was less f o r  t h e  po in t  de- 
s igns  than f o r  t he  parametric cos t ing  s tud i e s .  The parametric 
da ta  show a cos t  increase  of $30 mi l l ion  i n  reducing impact ve- 
l o c i t y  from 38 t o  24.4 m / s  (125 t o  80 f  ps) , while  t h e  point  de- 
s igns  show t h i s  increase  could be  a s  low a s  $6 mi l l ion .  

Program plans f o r  development test,  q u a l i f i c a t i o n  test, manufac- 
tu r ing ,  operat ions,  l o g i s t i c s ,  and f a c i l i t i e s  were generated t o  
t he  depth required t o  support es t imates  i n  DDTCE and opera t iona l  
cos t s  and refurbishment cycles.  
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1.0 INTRODUCTION 

One of the keys t o  achieving an economically f e a s i b l e  Space 
Shu t t l e  system is the  i' velo:.aent of a c.ast-eftective means of 
recovering and reusing the  s o l i d  rocket boosters (SRB). Martin 
Marietta undertook t h e  t a sk  of J e f in ing  t h e  requirements f o r  such 
a recovery system under cont rac t  NAS8-29622 from NASA MSFC on 
March 2,  1973. This document constitu'es t he  f i n a l  repor t  of t h i s  
contract  and presents  t he  r e s u l t s  of t he  ,tudy with our conclusiors  
and recommendations f o r  fu tu re  ac t ion .  

The primary objec t ive  of t h i s  study has keen t o  def ine  t h e  require- 
ments of t he  system t h a t  provide t he  most cos t -e f fec t ive  means of 
recovering t h e  SRB with a higk probabi l i ty  of reuse.  The s i n g l e  
most important c r i t e r i o n  used i n  t h i s  evaluat ion was lowest tot.31 
program cost .  The primary dependent va r i ab l e  af f ec t i ng  the  c a s t  
tradeof f was terminal  descent ve loc i ty ,  VTD; however, t h e  e f f e c t  

of spec i f ied  design condi t ions f o r  SRB s t r u c t u r a l  components was 
a l s o  considered. The minimum cos t  system is the  one having the  
lowest combination of cos t s  due t o  the  ref ?very system, component 
damage or  a t t r i t i o n ,  r e f u r b i s h  :nt , and the  design a d  f ab r i ca t i on  
of c c r t a i n  SRB s t r u c t u r a l  cot+:nents t o  wittA=r;and water impact 
i0:~ds. The e f f e c t s  of inipact ve loc i ty  and design -.oncept on DDT&E 
and f a c i l i t y  cos t s  were a l s o  included i n  considering total. program 
costs .  

The major emphasis of t h i s  study was piaced on def ining require-  
ments, with secondary emphasis on generating preliminary design 
concepts. Thcse design concepts were ca r r i ed  only t o  t he  depth 
nece.ssary t o  e s t a b l i s h  f e ~ s i b i l i t y ,  perform major cos t  t rades ,  and 
serve a s  a b a s i s  f o r  preparing development and opera t iona l  plzns.  

Our study approach was t o  use t he  NASA-supplied SRB base l ine  con- 
f igura t ion ,  water impact, aerodynamic, and s t ruc tura l .  t e s t  da ta  
t o  develop a s e t  of design requirements f o r  the SRB recovery 
system from separat ion through water impact and f l o t h t i o n .  Base- 
l i n e  design concepts were derived t o  s a t i s f y  these  r e q u i r e c a t s  and 
a minimum cost  recovery system was es tab l i shed ,  assuming these da ta  
were complete and accurate.  We then i d e n t i f i e d  concerns regarding 
t h e  completeness, accuracy, and a p p l i c a b i l i t y  of t h e  a a t a ,  suggested 
methods f c r  resolving these  concerns, and ostirnatad the impact t h a t  
var ious da ta  uncer ta in t ies  could have on the recovery systeia design 
and program cos t s .  

Accuracy l i m i t s  of t h e  aeyodynamic d a t a  were estimated t o  assess t he  
c r i t i c a l i t y  of t he  design and t o  determine the  d i spers ions  t h a t  could 
be to le ra ted .  The r e s u l t s  cf the  water impact t e s t s  were extrapo- 



l a t e a  t o  estlwtce loads  a t  the higher  h p a c t  v e i o c i c f e c  t h a t  o u r  
a n a l y s i s  p r e d i c t s  a r e  required t o  achieve a nininun c o s t  system. The 
t:;o a r e c s  cf data uncertainty t h a t  cduse t h e  g r e a t e s c  concern regard- 
ing  t h e  f i n a l i t y  of o u r  J e s i g n  c o n c e p t a r e  t h e  SF2 aerodynanic chsr-  
a c t e r i s t i c ~  and t h e  batsr ixpact  loads .  if- t h e  a e r d y n a c i c  d a t a  is- - 
i n  e r r o r ,  the dynamic behavior of t h e  SRB dur ing  tn: ;;. ui.11 not  be 
a c c u r a t e l y  p red ic ted ,  :ius Lnval idat ing t h e  assumed recovery s y s t e s  
deployaeat  condiz ions .  Erroncots  e x t r a p o l a t  ion of the ve ter impact 
l o a d s  d a t a  a f f e c t s  t i x  accuracy w i t h  w k k h  the ixpac t  .~c? loc i ty  f o r  
miniarm c o s t  car; be s e l e c t e d .  Ee feel a a d i t i c n a l  t z s t i n g  aad anal-  
y s i s  i s  necessary  t o  e l 2 n i n a t e  :?ese u t x e r t a i n t i e s .  

The r e c c v ~ r y  system requ i renen t s  propagate i n  r e v e r s e  o r d e r  f ro= 
zhe f li$. t sequence. Xcrep t ab  l e  xi;er i q a c  t loads  d e f i n e  t h e  
3i~xima i q a c t  ve loc i t ) -  which i r r  t u r n  d e f h e s  the Terminbl De- 
c e l e r a t i o n  and Descent <TD&Dj rcqoirenects f c r  ternCnal v e i o c i t y  
and a t r i t  .c. The I n i t i a i  D&celerr?tTon and S t a b i l i z a t i o a  (FD&S) 
requirsments a:e def i 3eJ by rke r s q p ~ i  red d e p l o y ~ e n  t condi t ious 
of the  fD&D pbass. Tie r e s u l t s  of t h e  TD&D phase a n a i y s i s ,  in- 
c luding p a r a c j u t e  p a r a n e t z i c  d a t a ,  -ni the f3crr phase e n t r y  
dispers-on s t u d i e s  are d i scuss& in S e c t i o n  2 of this rspor:. 

During t h e  c o n t r a c t  pe r iod ,  c h ~  p s r f c i z a n c e  or a d 4 l t i o c a l  a s k s  
was di recced  by t h e  NASA acd ztie cor.trc;t .as changed acco.-ding]).. 
These t a s k s  were to: 

d e v e l o ~  a FORTRXS computer ptogran t o  r e l a z e  im,r)art p r e s s u r e  
d i s t r i b u t i o n  t o  t o t a l  loads  a x i  prepare  these ioads  f o r  S T A S  
program i n p ~ t ;  

0 develop SRS f a i l u r e  c r i t e r i a ;  

u reso lve  structural dynamic ~ 2 s p o n s e  uncer ta j r i c ies  Erom 120-in. 
SDI model drop tests: 

0 compare s t r u c t u r a l  c a p a b i l i t i e s  fo= a o n o i i t k i s  and segmenkd 
- case  designs.  

The r e s u l t s  of t h e s e  a n a l y s e ~  are! preseuted i n  Sec t ion  3. 

Sec t ion  4 d i scusses  the water I q ~ a c t  h a t s  ar la lys i s  and SRb com- 
ponent s t r e n g t h  c a p a b i l i t v .  We ~ s e d  a Zlonte Car lo  technique t o  
s t a t i s t i c a l l y  c o ~ b j - n e  t h e  prsbability d i s c r i b u t i o n s  o f  environ- 
mental parameters,  water  impacr loads, and s t r u c t u r a l  s t r e n g t h  
c a p a b i l i t y  t o  d e r i n e  t h e  f a i l u r e  p r o b a b i l i t y  of va r ious  SKB 
components. Th i s  a n a l y s i s  technique and t h e  r e s u l t s  ob ta ixed  are 
a l s o  presented i n  S e c r i o r ~  4. 



The -baseline desigr. concept and promising a l t e rna t ives  a r e  pre- 
sented i n  Section 5 along w i t h  the  ra t ionale  supporting the selec- 
t ions  made. SRB f lo ta t ion  cha rac te r i s t i c s  showing the r e s u l t s  of 
a simplified thermal t ransient  analysis  a r e  included i n  t h i s  scc- 
t ion. 

Sect ion 6, en t i t l ed  Concept Evaluation and Select ion,  contains 
parametric cost  da ta  and cost trades. This sect ion includes the  
e f f e c t s  of r e l i a b i l i t y ,  refurbishment cycle time, new un i t  costs ,  
refurbishmerlt costs ,  component f a i l u r e  probabil i ty,  component 
design strength,  and maximum expected operating pressure ( E O P )  
of the SRX on t o t a l  program cos ts  a s  a function of impact velocity. 

Preliminary plans fo r  devdopment and qual i f ica t ion  t e s t ing ,  
manufacturinq, operations, log i s t i c s ,  and f a c i l i t i e s  have been 
generated and a r e  preset-ied i n  Section 7. These plans were used 
t o  support the  cost  analysis  and provide a base f o r  more detai led 
plans tha t  w i l l  be required a s  the  SRB recovery design matures. 

The overa l l  conclusions drawn as a r e s u l t  of t h - s  study arc dis-  
cussed in  Sectio:. 2, which a l so  presents  our r~coaunendations f o r  
future t e s t i n g  and analysis .  



AIRBORNE SYSTEIS ANALYSIS 2.0 .................... - -------- - ............................. I 

The airborne studies of the SRB reentry and recovery system con- 
cepts have been yerfomed using a parametric approach. In a sense, ' 

the definit ion of recovery system requirements involved the simul- 
taneous analysis of reentry dynamics, parachute trending analytics , 
the definit ion of water impact loads, and estimation of SRE 
strength. Ever; though these studies vere performed on a concur- 
l en t  schedule, the actual propagation of recovery system require- 
ments f l w s  from the water entry conditions back up the tra- 
jectory t o  SRB separation from the external tank. The acceptable 
water entry coaditions determined from the a t t r i t i o n  study set 
the requirereent fo r  the Terminal D&celeration and Descent (TD&D) 
system. The TD&D system i n  turn s e t s  requirements on the I n i t i a l  
Deceleration and Stabil ization (ID=) system for  acceptable de- 
ployment conditions, while both of these reentry phases impose 
environmental conditions on the  recovery system design. 

This section presents the resu l t s  of parametric #..nlyses of both 
the TD&D and I N S  mission phases of SRB reccveri. The parachute 
trending data and 6 DOF two-body dynamics simulation resul ts  pre- 
sented have been used t o  select and analyze the  baseline recovery 
system. The 5 DOP reentry dispersion analp3is has established a 
reentry corridor t h a t  s a t i s f i e s  the TD&D deployment requirements 
without the necessity of an ID& system (i.e., the basic SRB 
high a reentry s t ab i l i t y  and drag a re  suff ic ient  t o  poduce con- 
dit ions compatible with TD&D deploymact). The expected levels  
of reentry environmental parameters (shock, vibration, acoustic, 
and temperature) a r e  identif ied for use i n  corpponent selection 
and/or design c r i t e r ia .  

TERMINAL DECELERATION CLND DESCENT (TI)€&) 

3 
Tbo concepts were identif ied for  study a t  the onset of t h i s  con- - t rac t :  an a l l  parachute system and the  so-called hybrid (para- 

# .; chute and retronmtors) system. The selection c r i t e r i a  fo r  these 
.? ! two was mainly the desired terminal velocity. Beyond these two 

i highly v i s ib le  issues, t h i s  section w i l l  discuss many more selec- 
1 

t ion trends that  were not actfvely discussed u n t i l  very recently. 



The analyt ic  analysis techniques for  parachutes a re  j u s t  beginning 
t o  emerge from ur industry tha t  has t r ad i t iona l ly  r e l i e d  mostly 
on build-and-test procedures t o  develop parachutes, O w  approach 
has been t o  coasult with the  leading parachute experts,  both 
within our Mvision, and 2t other  companies, t o  define 'jome para- 
chute design guidelines based on current experience. But beyond 
th i s ,  the avail able analy t ic  models have been used t o  develop 
parachute trending data v ia  parametric techniques common t o  aero- 
space. The areas of most i n t e r e s t  revealed through these para- 
metric~ have been refined usiag our point mass parachute s i m l a -  
t ion  program. The basel ize recovery system has been dynamically 
simulated i n  our twrbody 6 M)F program t o  verify the  concept 
f e a s i b i l i t y  . In addit  ion, an assessment of possible slapdown 
load a l levia t ion ,  resul t ing  from not releasing the  parachutes a t  
water impact, has been made. 

2.1.1 Parachute Design Considerations 

The analy t ica l  modeling of the  parachute system has not progressed 
t o  the point of system design without the  a id  of extensive devel- 
coment test ing.  While t h i s  s i t u a t i o n  seems t o  be  improving 
~ a p i d l y ,  experience still plays an important r o l l  i n  para- 
chute design and performance estimation. Thus, t o  begin our 
parametric approach t o  TD&D concepts, we  consulted our Viking 
Decelerator Project  S ta f f ,  Pioneer Parachute Company, Goodyear 
Aerospace Corporation, and Sandia Laborztories t o  benef i t  from 
t h e i r  parachute development ideas. These conversat io.1~ along with 
an extensive l i t e r a t u r e  search culminated i n  the following l o w  
r i s k  parachute design guidelines. 

1): Parachute nominal diameter(s) should be l imited t o  40 m (135 E t )  
f o r  e i the r  s ing le  o r  clustered systems. I f  a c lus te r  of parachutes 
is necessary, the s i z e  should be  three  t o  maximize the  use of 
avai lable operational and test experience. 

2) Controlling the  e f fec t ive  drag area  growth t o  l i m i t  peak loads 
may be accomplished by two methods: (a) sequential  deployment of 
multiple parachute systems, o r  (b) r e s t r i c t i n g  the  drag area  
buildup t o  d i sc re te  increments while the  dynamic pressure dimin- 
i shes  (reefing). Reefing should be limited t o  two stages f o r  
clustered system. t o  minimize the  *onuniformity i n  i n f l a t i o n  
loads of the  individual parachutes resul t ing  from reefing c u t t e r  
timing uncertaint ies .  Within these limlts, it is prelerred t o  
increase the  number of reefings before increasing the  number of 
parachute systmns. Controlling drag a rea  qrowth through reefing 
has a higher t o t a l  system r e l i a b i l i t y  than multiple stages. 



3) The Mach number design l i m i t r  a re  established a t  3.0 t o  avoid 
nylon aerodj-namic heating, 1.5 for iarge diameter drogue para- 
chutes, and 0.7 for  the main parachutes. These are  conservative 
values and only indicate that  additional analysis is needed i f  
these values are  exceeded. 

4) A pi lo t  chute(s) is the optimum mechanism for extracting 
the large main parachute. The required mortar, t ractor,  cata- 
pult ,  and drogue gun mechanism sizes  would impose a weight 
penalty on the system wfthout a comparable improvement i n  reli- 
abi l i ty .  

5) Only heavy & ~ * y  ribbon parachutes qualify for  the s i ze  and 
reqtdred strength of the S W  7 . A  parachutes. The high SRB 
weight combined with the termiual velocity requirements d ic ta te  
large canopy diameters with high loading. Xu nddiclvn, a low 
opening load factor is desired t o  minimize parachute weight. 
The solid t ex t i l e  canopy parachutes ( f l a t  circular,  conical, 
extended s k i r t ,  guide surface, and shaped gore) exhibit higher 
drag coefficients, but generally have higher opening shock loads 
th& ribbon chutes and are not easy t o  refurbish. I n  addition, 
they do not meet the SRB loading o r  the relat ively large diam- 
e t e r  requirements. The annular, DGB, and cross parachutes de- 
signed and developed for  planetary entry a re  advanced concepts 
and not designed for  the high loads and large diameters required 
for  SRB recovery. A comparison of heavy duty ribbon parachute 
characterist ics is  presented in Figure 2.1-1. 

6) Where an equivalent s ingle  parachute w i l l  meet the abov! re- 
quirements, c lus ters  should be avoided because of added system 
complexity, nonuniformity in opening and disreefing loads, and 
lower t o t a l  system re l iab i l i ty .  The single parachute w i l l  permit 
the use of a greater number of reefing stages and higher overall  
operational re l i ab i l i ty .  

2.1.2 Recovery System Baseline Desip;n 

The TD6D system baseline design developed during t h i s  study sat is-  
f i e s  the water impact requirements developed from the SRB a t t r i -  
t ion analysis. The design did not precede the trending analyses 
of the following sections, but introducing the baseline should 
demonstrate the value of parametric trending data i n  system design 
work. 
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The SRB recovery mission p ro f i l e  from SRB separation f-rom the  
external  tank through water impact is depicted i n  Figure 2.1-2. 
The basel ine parachute system consis ts  of one 40.2 m (132 f t ) ,  
s ing le  reefed parachute, an ext rac t ion  p i l o t  parachute of 7.62 m 
(25 f t )  diameter, and associated subsystems. 

A complete discussion of the basel ine system is presented it 
Section 5.0. Briefly,  the  p i l o t  chute is packaged i n  the  nose 
cap, which is ejected v i a  th rus te r s  t o  start the  deployment 
sequence. The p i l o t  chute is pulled from the  nose cap a t  l i n e  
s t r e t c h  and begins inf la t ing .  As the  p i l o t  l i n e  tension in- 
creases, the  cone frustum, containing the  main parachute, is 
released and pulled away by the  p i l o t  parachute. The main para- 
chute is s t r ipped from the  frustum, which remains attached t o  
the  p i l o t  parachute f o r  recovery, at l i n e  s t r e t c h  and begiris 
inf la t ion .  Following the  s ing le  d is reef  ing, the  main parachute 
and SRB descend. t o  a water impact at 38 m / s  (125 fps). 

The basel ine system is within t h e  low r i s k  design guidelines 
established e a r l i e r .  These guidelines should keep any parachute 
development within current  s t a t e  of the  art. Hawever, : s t a t e  of 
the  art is d i f f i c u l t  t o  precisely define f o r  parachutes. Numerous 
design and development parameters are involvzid, a l l  of which may 
not be s a t i s f i e d .  Figure 2.1-3 was taken ..om t he  NASA Space 
Vehicle Design bfteria - Deployable Aerodynamic DeceZemtor 
System, NASA SP-8066, June 1971. To t h i s  representat ion of 
current parachute design experience, we have added the  basel ine 
design point  which is within the  parachute experience base and 
meets SRB recovery requiremants. 
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DYNAMIC PRESSURE, 
q (prf or 47.85 N/m2 ) 

ALTITUDE = 

2,000 

MACH NO., M 

DECELERATOR TYPE 

CONVENTIONAL PARACHUTES 
GLIDING PARACHUTES' 
DEPLOYABLE WINGS 
AERIAL-RECOVERY PARACHUTES 

SOUNDING-ROCKET PARACHUTES 

PLANETARY-ENTRY PARACHUTES 

EXPERIMENTAL HEMISFLO ANB 
HYPERFLO DROGUES 

EXPERIMENTAL 1 EXTILE BALLUTES 

EXPERIMENTAL PARASONIC DROGUES 

HEMISFLO DROGUES 

ALARR BALLUTES 

SOUNDING-ROCKET BALLUTES 

EXPERIMENTAL AIDS 

CONICAL-RIBBON PARACHUTES 

- -  - 

SIZE (DIAMETER) 

0, =0.3-6lm(1-200ft) 
0, =4.9-nm(16-88ft) 
q, = 3.7 - 27.4 m (12 - 90 ft) 
Do = 7.3 - 21.4 m (24 - 70 ft) 

Do =1&-4.9m(6-16ft) 

Do = 9.1 - 26 m (30 - 85 ft) 

Do = 0.82 - 1.98 m (2.7 - 65 ft) 

Dp mO.61-1.52m(2-5ft) 

Do =122m(4ft) 

Do = 4.88 m (16 ft) 

0, = 0.61 m (2 ft) 

Dp 12.13-4.88m(7-left) 

oP = i r z e m ( n f t )  

Do = 3.81 - 232 m (12.5 - 76 ftl 

F i g u l s  2.1-3 BaseZCne Recovery Q8tw h t h h  the State of the A r t  



2.1.3 Parachute Parametrics 

The question asked most o f ten  about a parachute recovery system 
i s ,  "How many ar~d what s i z e  parachutes a r e  required?" These 
a r e  r ea l l y  two dependent var iab les  t h a t  a r e  determined by the  
terminal descent condi t ions desired.  The t e r n i n a l  descent 
ve loc i ty  (vTD) and SRB weight allow fo r  the s e l e c t i o n  of a unique 

parachute 'diameter f o r  each c l u s t e r  s i z e  being considered. The 
equi l ibr ium f l i g h t  r e l a t i onsh ip  : 

permits ca l cu l a t i ng  the  parachute nominal diameter (DO) i n  terms 

of t h e  terminal descent ve loc i ty  (vTD), c l u s t e r  s i z e  (N) and 
cl  s t e r  e f f i c i ency  (TI) as :  

Figure 2.1-4 d i sp lays  parachute diameter versus V f o r  c l u s t e r  TD 
s i z e s  of 1, 3 ,  and 6. For a VTD of 30 m / s  (10C fps)  t he  c l u s t e r  

s i z e  and diameters could be one 51.3-m (168-it) ,  th ree  31-m 
(103-ft), and s i x  20-m (65-ft) parachutes. For t h i s  example, we 
would not consider t h e  51.3-m (168-ft) parachute s ince  i c  exceeds 
our law-risk design l i m i t .  

The use of a s i n g l e  parachute f o r  recovery is general ly  conceded 
t o  be t he  most r e l i a b l e  system. However, i f  t h e  design VTD is  

less than 38 m i s  (125 f p s ) ,  a multichute c l u s t e r  must be  used f o r  
a low-risk design approach. The design guide l ine  is t o  minimize 
t he  number of parachutes i n  t h e  c i u s t e r .  The p lo t  on t he  r i g h t  
of Figure 2.1-4 shows the  system weight e f f e c t s  of increas ing  
c l u s t e r  s i z e  f o r  terminal  descent v e l o c i t i e s  of 24 m / s  (80 fp s )  
and 46 n/s (150 fps ) .  The s o l i d  l i n e  is  a so lu t ion  using the  
equations ex t rac ted  from Goodyear Aerospace Corporation Report 
GER-15887, dated May 1, 1973. 
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where U i s  tile parachute weight, WSm is the t o t a l  system weight,  P 
g is the decelerat ion load f a c t o r ,  and Do = parachute diameter. 

(For English system u n i t s  the  constant  is 5.55 x 10'~~) The 
dashed l i n e ,  we f e e l ,  represents  more r e a l i s t i c a l l y  the  trend 
with design increases  t o  account f o r  unequal load d i s t r i b u t i o n  
between chutes and estimated c l u s t e r  drag e f f ic iency .  

The general trend of e i t h e r  curve is  decreasing system weight 
with increasing c l u s t e r  s i ze .  Brief ly,  t h i s  can be thought of 
as  a hoop s t r e s s  condit ion wherein t h e  l a rge r  t h e  campy diam- 
e t e r  t h e  g rea t e r  t he  l i n e a r  s t r e s s  f o r  a given load. The in- 
creasing s t r e s s  r e s u l t s  i n  heavier construct ion techniques, 
t h s  more parachute weight. It should be noted t h a t  t h i s  is 
not un iversa l ly  accepted by a l l  parachute ana lys ts .  The NASA 
SP-80b6 Deployable Aerodynamic Decelerator Systems document 
c l e a r l y  s t a t e s  t h a t  t h e  weight of a c lus te red  parachute system 
is g rea t e r  than t h a t  of an equivalent s i n g l e  parachute system. 
Therefore, weight is not t he  deciding f ac to r  between s i n g l e  and 
c lus te red  parachute systems. 

Variat ions i n  t he  canopy load on any s i n g l e  chute i n  a c l u s t e r  
can r e s u l t  from two primary sources: (1) unequal deployment and 
i n f l a t i o n  times and (2) ti12 reef ing  c u t t e r  time dispersions (es- 
pec ia l ly  the  second d i s r ee f ing ) .  Our estimates of t h e  load 
va r i a t i on  are:  207 f o r  a c l u s t e r  of t h ree ,  and 50% f o r  a c l u s t e r  
of s i x  on t h e  opening loads a t  second d is reef ing .  Since we cannot 
pred ic t  which parachute must survive these  dispersions,  a l l  t h e  
parachutes must be designed f o r  maximum poss ib le  loads.  

The parachute deployment opening load is  approximated by: 

g qD/~ = qDCDS/WSRB 

where B is t h e  b a l l i s t i c  coe f f i c i en  and CDS the  e f f e c t i v e  drag 

a rea ,  When t h e  system has reached equilibrum f l i g h t  condi t ions,  



It i s  from these force relations hi?^ tha t  the 1oadf.ng may be 
approximated from the required reduction i n  dynamic pressure.  

where i i s  the  number of s tages .  

Figure 2.1-5 was developed t o  demonstrate a performance trend f o r  
recovery systems with and without a first s tage  drogue. On the  
l e f t  a r e  curves of constant deployment dynamic pressure 

showing a weight optimum terminal dynamic pressure 
( q ~ )  pT): e*g. ,  

the  drogue shciuld be released a t  t h i s  q and the  main parachutes T 
deployed, f o r  each q For instance,  i f  t he  q is  28,700 ~/m' 

D' D 
(600 ps f )  then the  drogue shouli be re leased  a t  approximately 
4,060 N/F' (85 psf )  . 
The curves on t h e  r i g h t  a r e  a comparison of one- and two-stage 
parachute systems: i.e., mains only versus  mains p lus  drogue. 
The dashed l i n e s  a r e  t h e  drogue p lus  mains f o r  optimum drogue qT. 

The so l id  l i n e s  a r e  a mains-only system deployed without a drogue. 
These curves show a crossover does e x i s t  such t h a t  below some q 

D 
t he  system is l i g h t e r  i f  t h e  drogue i s  eliminated. It i s  a l s o  
i n t e r e s t i ng  t o  note  t h e  crossover,  qD, increases  with incr--sing 

'TD 

2.1.4 Hybrid System Performance Trends 

Parametric t rends  have a l s o  been developed f o r  t h e  performance of 
an a l l  parachute system versus  a parachute p lus  retromotor hybrid 
system. The s o l i d  propel lant  retrornotor system was assumed t o  add 
a nominal f ixed weight of 226 kg (500 i b )  i n  addi t ion  t o  t h e  weights 
associated with t o t a l  impulse. This  weight is made up of 68 kg 
(150 l b )  f o r  subsystems, 90 kg (200 l b )  of attachment hardware, 
and 68 kg (150 l b )  f o r  t he  motor case and i g n i t i o n  system. The 
retromotor weight w i l l  increase from the  226 kg (500 l b )  minimum 
with increasing t o t a l  impulse. Figure 2.1-6 shows t h e  weight re- 
l a t  ionships of retromotor , parachutes,  and combined hybrid system 
weight a s  a funct ion of terminal parachute ve loc i ty  and water impact 
ve loc i ty .  The buckets of hybrid weight curves would be t h e  optimum 
parachute terminal ve loc i ty  f o r  a p a r t i c u l a r  impact ve loc i ty .  
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Comparing the system weight performance trend for  hybrid versus 
a l l  parachute systems yields the  data of Figure 2.1-7. A system 
weiqht crossover e x i s t s  a t  25 m / s  (83 fps),  indicat ing the  a l l -  
parachute system is l i g h t e s t  above 25 ads (83 fps) and t h e  hybrid 
system is l i g h t e s t  below 25 m/s (83 ips).  The parachute low-risk 
design guideline of the  three-parachute c lus te r  of 41-m (135-ft) 
diameter is a l so  shown t o  emphasize t h e  potent ia l  advantage of 
hybrid systems below desired impact ve loc i t i e s  of 25 m/s (83 fps). 

2.1.5 Point Nass Simulation Analyses 

The previous parametric data made some simplifying assumptions t o  
allow a broad overview of parachute trends. 'hro basic assumptions 
were: 

1) negligible bag s t r i p  and inf la t ion  times: 

2) 100% reefing efficiency. 

-These parametric treads narrow t h e  scope of t h e  p o k t  mass simu- 
l a t ions  required t o  more f u l l y  analyze t h e  parachute performaace. 

The point mass program is configured t o  aolve f o r  deployment 
sequence i n i t i a l  a l t i tude ,  d is ree i ing times, and reefing areas 
using input conditions f o r  parachute load l imi ts ,  SRB ballistic 
coefficients ,  and stage t r ans i t ion  times. The disreef  ing times 
a r e  based on achieving various e f f i c ienc ies  ;tn dynamic pressure 
l o s s  from the  expression q = q,, (1-6 + </g) w h e r e  g is t h e  design T 
load l i m i t  and 5 I s  t h e  rff iciency of t h e  disreefing. The reefing 
areas a r e  constrained by parachute design load including an opening 
shock factor. I n i t i a l l y ,  t h e  e f fec t ive  drag area was estimated 
using t h e  expression B = q,.,/g which assumes a negligible in f l a t ion  

time. This was found t o  be errcaeous, especial ly f o r  the  longer 
in f l a t ion  times caused by the  re la t ive ly   lo^ ve loc i t i e s  encountered 
with reefing the  large  diameter parachutes. The ef fec t ive  drag area 
is now determined by i t e ra t ing  u n t i l  the  design opening load is 
reached within specified limits. The parachute in f l a t ion  times 
a r e  calculated from t h e  quadratic equations derived from the  
mean value in f l a t ion  times given In t h e  Performnce and Design 
Criteria f o p  DeptOyrzbZe Aerodynamicr DeceZerators, ASD-TR-61-579, 
December 1963. The point mass simulation afr'ords a more detai led 
examination of those trends ident i f ied  by our previous parametrlcs. 
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Thy ~ i n  parachute system loading s e n s i t i v i t i e s  generated using 
the  point mass program a r e  graphically presented i n  Figure 2.1-8 
f o r  double reefeZ parachutes deployed from tbe  high a baseldne 
reentry a t t i tude .  Varying the  design load of the  drogue s tage  
(changing the  nominal diameter f o r  a given deployment q causes 
the  load t o  change) r s s u l t s  i n  a change i n  requited load on the  
maiF parachute stage. Choosing a d e r i v e d  terminal ve loci ty  of 
38 m / s  (125 fps) and replot t ing  these  data  reveals  the  trend 
shown i n  Figure 2.1-8. This f igure  shows the  no-drogue/mains- 
only system load (horizontal l i n e ) ,  and the  loading trend f o r  
adding a drogue. To reduce main parachute loads, the  drogue 
vould have t o  be a t  l e a s t  18 m (60 f t )  diameter. 

The importance of design load on the  parachute system is d i rec t ly  
ref lec ted  i n  parachute weight. The argument f o r  a drogue i n  the  
system would revolve around absorbing a higher load in a smaller 
parachute, thereby reducing the  load and weight of t h e  l a rge r  
main parachute. For our systeu, this approach has less merit 
s ince  the  drogue diameter required t o  reduce main parachute load 
is not  considered small. 

The ac tua l  load seen by a parachute can be control led by reefing 
areas,  reefing times, and the  inherent in f l a t ion  times associated 
with the  parachute diameter and deployment velocity. The reefing 
t i m e  sequence and the  i n f l a t i o n  time havs the  e f fec t  of r e s t r i c t i n g  
the  drag area buildup u n t i l  q is reduced t o  a more des i rable  value. 
A s ing le  parachute system, having a correspondingly l a rge r  diameter 
than an equivalent c lus te r ,  all have a longer in f l a t ion  time. 
This longer in f l a t ion  time can be used t o  simplify the  system by 
eliminating one reefing. Figure 2.1-9 shows the  e f fec t  of number 
of reefings on opening and i n f l a t i o n  loading. While t h e  double 
reefed s ing le  parachute does achieve a lower loading, the  reduction 
does not necessarily j u s t i f y  the  addi t ional  complexity. 

The poirlt mass s tudies  have a l s o  evaluated t h e  reefing ef f ic iency 
e f f e c t s  on parachute loads (or weight) and deployment a l t i t u d e  
loss. The reefing eff iciency is the  percentage reduction of 
dynamic pressure achieved before a subsequent reefing o r  staging. - .  

Alti tude l o s s  is  t h e  a l t i t u d e  change during reefing from i n i t i a t i o n  
t o  achieving the desired terminal veloci ty.  Figure 2.1-10 shows 
t h a t  reducing the  reefing ef f ic iency from 95% (used fo r  mid-term 
resu l t s )  t o  the current baseline of 80% reduces the  a l t i t u d e  loss  
by 214 m (700 f t )  while increasing the  weight approximately 45 kg 
( iOO Ib) . However, the  recovery system is not  weight-critical,  
but minimizing the  a l t i t u d e  loss  h e l ~ ;  expand the  deployment box 
discussed i n  Section 2.2. 







A single reefing on the main parachute was chosen fo r  its slmplic- 
i ty .  The relationship of number of reefings, reefing efficiency, 
and parachute loadings should be examined in more de t a i l  by future 
studies. In addition, the  principal concern for  large diameter 
parachutes is the inf la t ion characteristics . A detailed analysis 
w i l l  be necessary t o  balance the parachute porosity, reefing areas, 
and number of reefing8 t o  ensure uniform Inflat ion characterist ics.  

2.1.6 Parachute Dynamic Analysis 

A complete dynamic analysis of the b a s e l h e  system was made t o  
v e ~ i f y  the design feasibi l i ty .  The dynaaaic analysis was made 
using a two-body, 6 DOF parachute program developed f o r  the  NASA 
Viking 75 Project. The computer program results have been cor- 
related and verif ied with the  Viklng BLDT parachute tests con- 
ducted a t  the  =. Our analysis simulated t he  recovery sequence 
from p i lo t  chute deployaent, actuated by separation thrusters, 
through SRB slapdown. The latter was s h l a t e d  using hydrodynamic 
force h i s to r ies  obtained from HASA model drop tests. 

The Viking dekelerator dynamic sinulation program bas the  follow- 
ing features: 

Two-body analysis (Both the  SRH and p i lo t  o r  main parachutes 
have f u l l  6 DOF.). 

Bag stripping (the stretchout of risers, suspension lines, 
and can~py)  and canopy in f la t ioa  are simulated t o  determine 
suatch and opedng shock forces f o r  both the  p i l o t  and main 
parachutes. 

The apparent and enclosed ass8 and t h e i r  derivatives a r e  con- 
sidered fo r  the main parachute. 

The pilotlmain parachute system mdeled is one in which the  
p i l o t  parachute, enclosed within the  deployment bag, is ejected 
by a mertar device and, in turn, is used t o  earact the  main 
parachutes. 

The deployment of the  parachute is sinulated in considerable 
de t a i l  by separating the analysis in to  an ine las t ic  phase and an 
e l a s t i c  phase. The ine las t ic  phase considers the changes in mg- 
menturn  and the bag stripping forces a s  the  suspension lines and 
canopy a r e  pulled from a deployment bag. A t  bag istrip, the 
canopy and suspension lines a re  fu l l y  extended and inf la t ion 
can occur. A t  this point, the  e l a s t i c  phase begins and treats 
the system as  a two-body e l a s t i c  coupled system. 



The two-body simulation begins a t  3.05-'a (10,000-f t )  a l t i tode ,  
before p i l o t  parachute deployment, and simulates a l l  events 
through water impact and primary slapdown. The a b i l i t y  t o  deploy 
the  p i l o t  and main parachutes in to  the  f r e e  stream veloci ty from 
the  high a a t t i t u d e  is a key t o  the  current recovery system de- 
sign. The analysis  performed does not conclusively val ida te  t h i s  
concept, but the  r e s u l t s  de f in i t e ly  es tabl i sh  tha t  the  concept is 
feasible.  

The p i l o t  parachute motion a f t e r  deployment is  shown i n  Figure 
2.1-11. The i n i t i a l  notion is along the  SRB longitudinal a x i s  
resul t ing  from the  nose cap th rus te r s  which impart a d e l t a  ve- 
loc i ty  of 3.05 m/s (10 fps). The motion continues outward u n t i l  
bag s t r i p ,  2.4 s, and the  s t a r t  of p i l o t  parachute inflation, 
where the  aerodynamic forces begin t o  carry the  p i l o t  up with 
the  f r e e  stream velocity. Since t h e  suspension and riser lengths 
a r e  fixed, the  motion a f t e r  in f l a t ion  describes an a r c  from the  
maximum outward distance upward toward the  v e r t i c a l  t r a i l i n g  
position. The wiggles i n  the  a r c  a r e  the  r e s u l t s  of e l a s t i c  
elongation from the  opening shuck load of the  p i lo t .  The e f f e c t s  
of suspension l i n e  f i s h  hooking caused by the aerodynamic loading 
on the suspension l ines  before p i l o t  i n f l a t i o n  a r e  not currently 
simulated. However, the motion of the p i l o t  does demonstrate 
tha t  deployment normal t a  the f r e e  stream veloci ty is feasible.  

The p i l o t  suspension and riser lengths a r e  designed fo r  5.5 
hydraulic diameters which should be  s u f f i c i e n t  t o  avoid SRB wake 
interference e f f e c t s  during in f l a t ion .  The motion history of 
Figure 2.1-11 shows the p i l o t  chute has begun i n f l a t i o n  before 
entering the  region of probable SRB wake interference. The cone 
frustum containing the  main parachutes is released as the  p i l o t .  
nears f u l l  i n f l a t ion ,  which w i l l  allow the  p i l o t  t o  trail the  SRB 
even fur ther  as the  main parachutes are being deployed. 

The main parachute l o a d h g  and corresponding drag area buildup 
from opening and disreefing a r e  presented i n  Figure 2.1-12. The 
peak opening load occurs very near the  f i r s t  drag area plateau, . 

but the peak load from disreefing precedes the  f u l l  open drag 
area. This r e su l t s  from the  rapid decl ine i n  dynamic pressure 
during the  long i n f l a t i o n  t i m e  period. Figure 2.1-13 shows the  
comparison of parachutes loads from the  6 WF and point mass sim- 
ulations. The small perturbation differences i n ' t h e  dynamic 
analysis  a r e  mostly the e l a s t i c  body e f f e c t s  of the  parachute 
suspension l ines .  The spring constant was computed f o r  nylon 
suspension l i n e s  a t  approximately 219,000 N/m (15,000 l b / f t )  
with approximately 10% c r i t i c a l  damping. Actual damping values 
range from 5 t o  10% of c r i t i c a l ,  but the system was re l a t ive ly  
insens i t ive  t o  damping within these bounds. 



Figure 2.1-13 Ptmzchute ELcretidty Effects Am Minima2 



The dynamic pressure and a l t i t u d e  h i s to r i e s  a r e  shorn~ i n  Figure 
2.1-14. Noted on the  curves a r e  main parachute events tha t  
co r re la t e  with the  near s t ep  changes i n  q. Main parachute 
deployment begins a t  1.8 kn (6000 f t )  followed by an a l t i t u d e  
l o s s  of 1.2 Ian (4000 f t )  before achieving terminal dynamic pres- 
sure a t  approximately 0.6 km (2000 f t ) .  The parachute and SRB 
then descend a t  38 m / s  (125 fps)  t o  water impact. 

The SRB a l t i t u d e  h is tory  is shown i n  Figure 2.1-15. Commencing 
with main parachute bag s t r i p  and the  s t a r t  of in f l a t ion ,  the  
SRB a t t i t u d e  is changed from broadside t o  v e r t i c a l  in  approxi- 
mately three  seconds. The subsequent o s c i l l a t i o n s  a r e  damped t o  
near zero i n  l e s s  than 15  seconds a f t e r  bag s t r i p .  

2.1.7 Parachute Attenuation of Slapdown Loads 

The Viking two-body 6 M)F dynamics program was modified t o  include 
slapdown hydrodynamic force  and moment h i s t o r i e s  obtained from 
the  ,,:-3A 12.5-inch model drop test telemetry and photographic 
coverage data,  This was done t o  obtain an estimate of the  bene- 
f i t s  of re ta in ing the  parachute u n t i l  a f t e r  slapdown. 

NASA water impact test data  show tha t  the  i n i t i a l  water impact 
loads r o t a t e  the  SRB during water entry causing the  nose and 
forward sect ion t o  accelera te  and experience increased slapdown 
loads. The parachute performance cha rac te r i s t i c s  (drag a s  a 
f m c t i o n  of veloci ty,  and e l a s t i c  l i n e  elongation under load) 
w i l l  r e s i s t  t h i s  accelerat ion,  supplying some at tenuation of the  
i n i t i a l  slapdown loads. 

The hydrodynamic force and moment time h i s t o r i e s  derived from the  
test instrunentat ion were scaled and biased t o  produce an a t t i t u d e  
h is tory  t h a t  agreed with the  da ta  provided by the  NACA. Scaling 
adjustments were made by a successive approximation using the 
two-body 6-DOF program u n t i l  the a t t i t u d e  h is tory  dynamics 
matched the  NASA-supplied data. To assess  the  parachute at ten-  
uation of slapdown load, the  same hydrodynamic force  and moment 
h i s t o r i e s  were simulated w i "  the  parachute attached during slap- 
down. 
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The r e l a t i v e  v e l o c i t i e s  f o r  t he  SRB nose and cg obtained from 
the dynamics simulation with and without t he  parachute a r e  shown 
i n  Figure 2.1-16. These v e l o c i t i e s  f c .  the parachute-attached 
configurat ion a r e  shown with the  r e su l t i ng  parachute ve loc i ty  
and parachute p u l l  force  ( l i n e  tension)  i n  Figure 2.1-17. The 
parachute l i n e  tension reduces i n i t i a l l y  a s  the SRB dece lera tes  
from impact, a f t e r  which the  ro t a t iona l  moment increases  the  
nose ve loc i ty ,  which increases  the  parachute re ten t ion  force  
momentarily before t \ e  l i n e s  b e r ~ n e  s lack.  This secondary force  
a c t s  normal t o  the SRB ro t a t i c  1, which appreciably reduces the  

. ro t a t iona l  r a t e  a id  associated slapdown loads. 

The r e su l t i ng  a t t i c u d e  h i s to ry  is  shown i n  Figure 2.1-18 (dashed 
l i n e s ) .  During the  f i r s t  second a f t e r  water impact, t h e  un- 
res t ra ined  SRB a t t i t u d e  changes by 1.05 rad (60 deg) compared t o  
0.87 rad (50 deg) f o r  the res t ra ined  SRB. This d i f fe rence  in- 
creases  rap id ly  from 1 s x  t o  the respec t ive  slapdown events  
i . e . ,  when t h e  unrestrained SRB is nebrly hor izonta l ,  the  para- 
chute r e s t r a ined  SRB is s t i l l  0.49 rad (28 deg) above the  water. 

The r e s t r a in ing  e f f e c t  of t h e  parachute is ac tua l ly  over before 
t h e  SRB experiences t h e  f u l l  slapdown load. However, t he  key 
i s sue  is t h a t  t h e  parachute has res t ra ined  t h e  angular acceleration 
during t h e  c r i t i c a l  i n i t i a l  penetrat ion.  Comparison of nose im- 
pact v e l o c i t i e s  f o r  t he  two cases  shows t h a t  t h e  oarach3:e w i l l  
reduce nose impact ve loc i ty  by 25%. I f  t h e  peak slapdowr, loads 
a r e  assumed t o  be a funct ion of dynamic prersure,  t he  loads 
would be 40% lower f o r  t h e  parachute at tached condition. 

While t hese  r e s u l t s  a r e  encouraging, t h e r e  a r e  severa l  l imi t ing  
f a c t o r s  t o  t h i s  ana lys is .  The r e s u l t s  a r e  f o r  a spec i f i c  s e t  of 
impact condi t ions (Vv - 21.4 d s ,  VH = 15.2 m l s ,  8 = 0.17 rad).  

The fo rce  and moment h i s t o r i e s  would not  be t h e  s'ame with and 
without a parachute at tached.  These t e s t  da ta  were adjusted t o  
agree with a v i s u a l  a t t i t u d e  h is tory .  

In  general ,  what is needed is more test da ta  and a hydrodynamic 
simulation model with two-body capabi l i ty .  Test da t a  giving 
t r a j e c t o r y  information f o r  high VH condit ions a r e  scarce a t  t he  

present ,  but add i t i ona l  test r e s u l t s ,  as they become ava i lab le ,  
w i l l  shed more l i g h t  on t h i s  subjec t .  I f  peak slapdown loads 
a r e  a funct ion of t h e  siapdown ve loc i ty ,  and i f  t he  slapdown 
ve loc i ty  increases  wi th  increasing hor izonta l  impact ve loc i ty ,  it  
is  poss ib le  t h a t  t he  e f f e c t  of an at tached parachute recovery 
system w i l l  indeed reduce peak slapdown on both the  forward s k i r t  
and t h e  SRM case. 
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The SRB reentry analysis  performed is the most straightforward 
and input-data-de;render.t aspect of t h i s  study. The reen1:ry - 

analysis  was performed using a 6 WF t r a j ec to ry  simulation pro- 
gram incorporating the  physical charac ter is t ics ,  i n i t i a l  s t a t e  
vector  and stag"; ra tes ,  and aerodynamic charac ter is t ics  provided 
by U A .  To deternine the  e f fec t  of xncertaint ies  i n  any 05 these 
parameters on the  reencry, each cif the  parameters was pertwbed 
individually i n  the  6 DOF simulation. This technique of l i n e a r  
perturbation has d d e  use i n  the industry on s imi lar  problems. 

Determination of the  parameter uncertaint ies  t o  be used f o r  sirnula- 
t ion  was a iaajor port ion of the  reentry analysis .  I n  some cases, 
the uncertainty was provided by X U A ,  others were established from 
acc?pted industry experience, and fo r  the  aerodynamics a combina- 
t ion  of analysis  and experience was used t o  set a reasonable 
uncertainty. 

The inpi data, both nominal and uncertaint ies ,  arid 6 WF simula- 
t i o n  r e s u l t s  a r e  presented i n  this sect ion.  

2.2.1 SRB Configuration 

The r e s u l t s  of a12 analyses t o  be presented a r e  based on con- 
f igurat ion data  provided by NASA. These data  have been reviewed, 
evaluated, a ~ d ,  i n  =me cases, independently derived t o  ensure 
completeness and accuracy before incorporation i n  the study. IF 
a l l  s tudies ,  HASA data  were used t o  ensure consistency of r e s u l t s  
and compatible requirements defini t ion.  

During the  contract  performance period, two SRB configurations 
w e r e  examined i n  ~_h=  reentry dynamics analysis .  Because the  
~ e c o a d  configuration represents the  l ace r  SRB design evolution, 
a l l  the  reentry dispersion r e s u l t s  have been normalized t o  t h i s  
configuration. 

2.2.1.1 Physical Characteris tfcs  

The b a s d i n e  SRB is  shown i n  Figure 2.2-1 aloag with a brief  
summary cf +he mass properties.  Thts con£ iguracion d i f f e r s  
with the  f i r s t  SRB s tudies  i n  s e v e ~ a l  areas: design MEOP is 
6.2 x lo6 ~ / m ~  (900 p s i ) ,  a f t  s k i r t  f l a r e  i s  0.26 rad (15 deg) , 
and the  a f t  s k i r t  length is only 2.36 m (93 in.): Nost im- 
portant is the  longitlldinal center  of gravity. (X ) locat ion 

cg 



of 57.1% body length (IB) V. 55% LB for t h e  f i r s t  SRB coafigura- 

tion supplied. The baseline SRB does not reflect the subsequent 
removal of thrust termination ports which w i l l  move the X to  
58% ag. cg 

. Table 2.2-1 presents a weight breakdown by recovery phase for the 
baseline SBB. The inert  we-t column represents the SBB a t  
burnout, but before f i r ing of the staging rotors. The inert  
weight was used for reentry dprurdc studies to  mintain consistency 
with concurrent work a t  the I5FC labe. The postsepuation colum 
reflects the f i r ing of skins motors, burning of case and nozzle 
insulation, aud jett ison of nozzle extension and at tacbent  struc- 
ture. The wlum labeled "flotationn reflects the deployment of 
the recovery system and jett ison of aoee cap and frustum. 



Table 2 .2 .1  F lok t ion  Weight 9,513 L888 
Than Inert Weight 

The location and unc-rtainty of the longitudinal center of gravity 
is an important factor in predicting the reentry dynamic behavior. 
Experience has shown that these values improve with program devel- 
opment time, but for  early program parppp~tric studlas somewhat 
mre conservative e s th tes  are necessary. Figure 2.2-2 shows the 
sensi t ivi ty  of Xcg to  percent changes i n  major stage hardware 

we igh t .  Us- the allowable growth factor of 10% i n  these struc- 
tures d o ~ s  not produce much change i n  X However, the nozzle 

cg ' 
extension does have a greater e f fec t  on X=g, and; as w i l l  be 

developed later, the change in I( through-nozzle a t e n s i o n  jet- 
'% 

tison is i n  a favorable direction. 

2.2.1.2 Reentry I n i t i a l  Conditions 

The i n i t i a l  state vector, separation rates, and the i r  dispersions 
were provided by NASA. The s t a t e  vector conditions and expected 
dispersions a r e  shown i n  Table 2.2-2. The staging ratse-nominal, 
minimum, and maximum values-are shown i n  Table 2.2-3. 





Table 2.2-3 Staging Pates foi- Reentzy AnaZyeitl 

?able 2.2-2 Initial State  Vector for Reentq AnoZyeis 

NOMINAL 

ALTlT UDE, km 
(ft) 

VELOCITY, m/s 
(fpt) 

FLIGHT PATH ANGLE, d 
(ckg) 

MINIMUM 

0.02 
(1.37) 

9.005 
(4.301 

9.05 
(-2.85) 

MAXIMUM 

NOMINAL 
41.1 

(134,721) 

1,361 
( 4,466) 

0.5 
( 29) 

The SBB aerodynamic characterist ics provided by NASA received a 
great deal more evaluation than originally anticipated. Since 
the reentry dynamic behavior of the SRB is governed by aero- 
dynamic forces end moments, a high degree of confidence i n  these 
data was necessary to  produce a r e a l i s t i c  set of recovery sys- 
tem requirements.- The aerodynamic data evaluation involved a 
review of wind tunnel test procedures, analytically deriviag coef- 
f ic ients ,  comparison of analysis and test resul ts ,  and coordina- 
tion of these studies with the appropriate NASA labs. 

The aerodynamic characterist ics of NASA Wamo S6E-Aero-M-73-27 
w e r e  weed t o  generate the trajectory results tha t  follow. These 
data were derived from wind tunnel tests a t  the MSFC 36 cm (14-in.) 
transonic f ac i l i t y . .  Test procedures were modified on t h i s  t e s t  
t o  account for suspected st ing interference identified i n  previo*-: 
results. These data were used i n  the reentry analysis a s  pro- 
vided. The following discussion serves only to  establish the 
quantitative uncertainty, not t o  validate the wind tunnel test 
results. 
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The comparison of experimental and theoretical  data should Le 
best for  supersonic Mach nmbers and angles of attack between 
0.52 < a < 2.62 rad (30 < a < 150 deg). The comparison of experi- 
mental and theoretical predictions is shown i n  Figure 2.2-3 for 
Mach number 3.5. These comparisons a re  only of in te res t  insofar 
as reasonable uncertainties i n  the data for  parametric analysis 
of reenl;ry can be established. Bodies of high fineness ra t ios  
should have center of pressure uncertainties l e s s  than 2% of body 
length (LB) a t  t h e  higher Mach numbers. The shaded areas around 

the experimental data represent a 2% LB -uncertainty, which a l so  

contains the analytic prediction. While t h i s  does not absolutely 
quantify the uncertainty, it does serve to  enhance confidence i n  
the prediction techniques. 

Comparisons of subsonic Mach number predictions i n  Figure 2.2-4 
reveal a larger dispari ty i n  results .  This is not surprising 
because both the experimental and theoretical  uncertainties a r e  
largest  i n  the transonic Mach number regime. Uncertainties in 
Reynolds number, sting interference, tunnel w a l l  interference, 
and modeling inaccuracies a l l  contribute t o  test resu l t  uncektainty. 
Reynolds number (subcrit ical  o r  supercri t ical)  is the major con- 
tr ibutor t o  the uncertainty of analytic predictions. Establishing 
an uncertainty f o r  parametric reentry studies f o r  subsonic data 
thus favors a much larger  bouad. While 4% ag may be conservative, 

the test model s i ze  and f a c i l i t y  s i ze  tend t o  jus t i fy  some con- 
servatism. 

The foregoing reasoning &as only applied for  the purpose of de- 
fining logical  limits to  the parametric reentry dynamics study. 
A s  the Shuttle program proceeds .ind -re t e s t  data become cvail- 
able, the magnitude of eerodynmiz characterist ics uncertainties 
should get  s~laller. Allouiag for  large dispersions In t h i s  study 
should bound the reentry dynamics and increase our ccafidence i n  
the system requirements developed. 

2.2.2. 6 DOF Reentry Analysis 

The determiaation of the probable reentry dynamic behavior and 
expected environment fo r  SRB recovery ham a large influence on 
the recovery system concept choice. Indeed, the natural flow of 
an integrated system design procedure is f i r s t  to  define the per- 
formance requirement6 t o  be satisfied.  Our approach to the re- 
entry studies has been to define a l l  parameters tba t  a f fec t  
reentry and then systematically perturb these parameters, v i a  
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lineer techniques, to determine their individual and composite 
effect on the SRB dynamic behavior. The result is a reentry 
corridor or bound about the nominal profile that limits the re- 
quirements on recovery system design to only expected flight 
conditions. 

2.2.2.1 6 DOF Program Description 

The UD214 six degree of freedom trajectory program is a modu- 
larized N phase digital computer program capable of simulating 
the trajectories of various types of vehicles operating under 
the inflc3nce of a single attracting body with a generalized 
atmosphere. 

The vehicle being simulated is a rigid body with 6 DOF and com- 
plete moments and cross products of inertia, generalized aero- 
dynamic coefficients, generalized center of gravity, and multiple 
engines per phase. 

The attracting body is an oblate, rotating spheroid with gravita- 
tional accelerations including zonal and tesseral harmonics. 
The generalized atmosphere is described by user input in terms 
of devsity, temperature, pressure, and speed of sound, or appro- 
priate combinations thereof. 

The program has generalized table inputs-with no restriction on 
the size of individual tables. Each table has its own multi- 
plexer and interpolation can be either linear or quadratic. 
Tables can be input as a constant, monovariant, bivariant, or 
trivariant function of any internally com?uted variable. 

The 6 W F  reentry simulations have used t h ~  aerodynamics provided 
by NASA. All the coefficients were input as a function of Mach 
number, angle of attack, and, where applicable, aerodynamic roll 
angle. All simulations used the 1963 Patrick Air Force Base 
atmosphere. A nonrotating, spherical earth was used as the 
attracting body. 

2.2.2.2 Reentry Envelope 

The reentry analysis was conducted by determining the nominal and 
the expected uncertainty values of all parameters affecting re- 
entry dynamics and then systematically simulating these conditions 
via linear perturbation in the 6 DOF computer program. Since our 
approach is to determine the deviations from nominal, an under- 
standing of the nominal reentry trajectory is in order. 



The reen t ry  p r o f i l e  fo r  an undispersed (nominal) SRB is shown i n  
Figure 2.2-5. Following separat ion from the  ex t e rna l  tank, both 
dynamic pressure (q) and Mach number decrease a s  t h e  a l t i t u d e  
increases  t o  an apogee of approximately 62.5 km (205,000 f t ) .  
The SRB descends i n  the  cobst phase t o  approximately 45.7 km 
(150,000 f t )  where the  q be i n s  t o  increase ,  u n t i l  reaching a 5 maximum value of 31,000 N/m (650 psf )  near 16.7 km (55,000 f t )  
a l t i t u d e .  From a maximum value,  q decreases t o  a s teady s t a t e  
value of 6220 ~ / m ~  (130 p s f ) ,  During t h i s  same period the  Mach 
number has decreased from near ly  4.0 t o  subsonic conditions.  The 
r e l a t i onsh ip  between Mach number and s t a t i c  t r i m  angle  of a t t a c k  
(a) ,  Figure 2.2-6, helps t o  explain the q and Mach number his-  
t o r i e s .  For high supersonic Xach numbers, the  SRB t r i m  angle is 
between 2.62 rad (150 deg) and 1.92 rad (110 deg) . For values i n  
t h e  t ransonic  regime, t h e  t r i m  angle  moves c lo se r  t o  s f 2  (90 deg). 
As the  q bu i ld s  up during reen t ry ,  t h e  r e s u l t i n g  dece le ra t ing  
forces  reduce the  Mach number which, i n  t u rn ,  r e s u l t s  i n  a c lo se r  
t o  t h e  broadside a t t i t u d e .  The broadside a t t i t u d e  (a near n / 2 )  
is t h e  a t t i t u d e  f o r  maximum t o t a l  drag. The s t rong  aerodynamic 
s t a b i l i t y  of t h e  SRB near a = n/2 produces maximum drag, r e su l t -  
ing  i n  a near steady s t a t e  dynamic pressure of 6200 ~ / m ~  (130 psf)  
below 12.2 Ian (40,000 i t )  a l t i t u d e .  These condi t ions of low q 
and dynamic s t a b i l i t y  a r e  i d e a l  f o r  deployment of aerodynamic 
dece le ra tors .  

The angle of a t t a c k  from separa t ion  through q buildup, Figure 
2.2-7, exh ib i t s  t he  c h a r a c t e r i s t i c s  of a damped s inuso ida l  func- 
t i on .  As q bu i lds  up t o  a maximum value,  t h e  pressure forces  and 
na tu ra l  aerodynamic damping of t h e  SRB rap id ly  diminish t h e  magni- 
tude of a o s c i l l a t i o n s  with convergence toward t h e  s t a t i c  t r i m  - 
condi t ions associated with supersonic Mach number. A s  t h e  dynamic 
pressure drops t h e  tendency f o r  t h e  SRB t o  diverge from t h e  damped 
condi t ions is overcome by the  n a t u r a l  aerodynamic s t a b i l i t y  of t h e  
SRB i n  t h e  t ransonic  Mach number range and t h e  SRB quickly con- 
verges  t o  t h e  subsonic trim point .  Thus, t h e  a h i s to ry  r e f i e c t s  
t h e  reduct ion i n  Mach number and assoc ia ted  change i n  t r i m  s t a b i l i t y  
a t t i t u d e  a f t e r  achieving maximum q. 

The SRB body r a t e s  during reen t ry  a r e  shown i n  Figure 2.2-8.. A s  
wi th  t h e  a h i s to ry ,  t he  dynamic pressure buildup changes t h e  coas t  
phase behavior of t h e  body r a t e s .  I n  t h i s  case  q buildup exc i t e s  
l a rge  amplitude rates about t h e  body axes. The r a t e s  achieve 
maximum magnitude near q and then dec l ine  a s  q and aerodynamic 

max 
damping combine t o  reduce t h e  r a t e s .  The p i t c h  and yaw r a t e s  damp 
t o  near zero amplitude soon a f t e r  qnax. However, t h e  r o l l  r a t e  

continues with o s c i l l a t i o n s  of k0.31 rad /s  (218 degls ) .  The r o l l  
behavior w i l l  be discussed i n  more d e t a i l  l a t e r  i n  t h i s  sec t ion .  
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Everl beiore act uall:: sixl.~t inp any d i : ; pe~  scc! conditions it seemed 
the aerod1:nani.c charactt-istics would be the key to understanding 
and predictinp: reentry behavior. ?rtv:ious studies earlier in the 
Sh.;: tle Procram hsi shovn t tits: phys i s a l  and environmental param- 
e t e r s  as cell as stsginz ra:es i 5 J  nct affect the mximum dynamic 
pressure exper i e n ~ e : !  d u r  i n  - reen: 1-1:. 

The rnajor uncertainty affectlag the d>namic behavior is the in- 
stan:aneous relacionship of the lon~itudinal center of gravity 
( ) and center of pressure (X } The curves of Figure 2.2-9 

c q c p 
shov the sensitivity oi maxicuc c ant the q at 6.1 km and 3 km 
alcitude to uncertainty in ?: and X_ loc~tions. These result-s = g - P 
assume eitker the cg or cp prediction is oft by some percentage 
of body leapt5 a:,, that the uncertainty is constant durirg reentry. 

The tread of these data is significant, particularly at parachute 
deplo~.ent altitude. L'hile t h e  zaxicun q variation with X or 

c g 
X uncertainty has a steep slope, the sensitivity of q at 3 kn: 
c P 
(10,000 ft) is nearly fl:.t. Cver the rang: of expected uncer- 
tainty previously discussed, 54% of ; for cg-cp, the q at 3 km 

B 
shows only small change fraa the noninal 1-alue of 6,220 ?I/rn2 
(130 psf). At the intermediate altitude of 6.1 km (20,000 ft) 
the q sensirivity is flat for uncertainty in X in the forward 

c g 
direction, but is nighly sensitil:e in the aft direction near the 
4'1 condition. This is of more concern for parachute deployment 
altitude -sar 4.6 Ian (15,000 ft), but as was shom earlier, we 
feel the alnimum altitude for dtgloynent can be as low zs 2.3 km 
(7,560 ft). 

The investigation of other reentry dispersions did not reveal 
a~other "driver" such as the cg to cp uncertainty. The un- 
certaintfes in staging state vector, separation rates, mass 
properties, and other aerodynamic coefficients produced only 
small changes in q and almost no change in the q at 3.0 km. 

max 
The q sensitivities of Eour of these parameters are shown in 
Figure 2.2-10. Table 2.2-4 presents a summary of all the dis- 
persions simvlated for condit ions zr %ax and 6.1 km. While most 

of these parameter uncertainty sin<'at ions resulted in small con- 
tributions to variation in q at specific altitudes, their con- 
sideration should not be totally eliminated from future reentry 
studies. Before the requirements for the recovery system are 
finalized, selected parameters should again be simulated ro 
assure the trend s,$own here is still valid. 
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X perusal sf the  body r a t e s  a t  6.1 kn a l t i t u d e  i n  Table 2.2-4 
revea ls  an i n t e r e s t i n g  trend i n  r o i l  r a t e s .  The p i tch  and yaw 
r a t e s  have darcped to  near zero amplitude but t he  r o l l  behavior 
is of' w o  d i s t i n c t  types,  o s c i l l a t o r y ,  o r  continuous r o l l .  Com- 
paring the  parameter ? i s?ers ion  with the r e su l t i ng  r c l l  behavior 
does not provide any i m e d i a t e  c lues  t o  explain what causes e i t h e r  
condition. However, looking a t  the  conditions near 

%ax 
f o r  each 

case does provide some ins igh t  t o  t h e  r o l l  behavior l a t e r  i n  t h e  . 
reentry.  

As noted e a r l i e r  i n  t h i s  sec t ion ,  the  buildup of dynamic presscre  
produced l a rge  body r a t e  amplitudes but t he se  r a t e s  began t o  damp 
t o  zero a s  t he  q decl ined.  This damping i n  p i t ch  and yaw is 
primari ly  a  r e s u l t  of l a r g e  aerodynamic damping der iva t ives .  
Since the  SRB i s  a x i s y m e t r i c  i n  r o l l  and has v i r t u a l l y  no pro- 
tuberances the aerodynamic daaping is very small .  Thus, any l a r g e  
r o l l  r a t e  e x i s t i n g  a s  t h e  dynanic pressure f a l l s  o f f  would not 
have a  counteract ing force.  

The two l a r g e s t  forces  ac t i ng  on t h e  SRB r o l l  behavior a r e  t h e  
angular r o t a t i o n  i n e r t i a  and the  instantaneous aerodynamic moment. 
To represent  t he  aerodynamic induced moment. t h e  aerodynamic r o l l  
angle  a t  

%ax 
( i  .e., t h e  vector  pro jec t ion  of t h e  ve loc i ty  vec tor  

i n t o  t h e  SRB r o l l  plane, measured from t h e  SRB yaw axis )  and t h e  
l a t e r a l  cg moment ar- were tabulated f o r  the  28 t r a j e c t o r i e s  
tabulated i n  Table 2.2-4. These d a t a  were then p lo t t ed  versus  
t he  r o l l  r a t e  a t  

%axo 
These r 2 s u l t s  a r e  shown i n  Figure 2.2-11. 

The reen t ry  t r a j e c t o r i e s  t h a t  r e su l t ed  I n  o s c i l l a t o r y  motion with 
zero mean have r o l l  angles  within 21.4 rad of the  l a t e r a l  cg (vec- 
t i c a l  dashed l i n e ) ,  and r o l l  r a t e s  less than t1.0 r a d l s  a t  g,0x. 

Those cases  not  within t he se  limits resu l ted  i n  a  x n t i n u o u s  r o l l .  
The impl ica t ion@ t h i s  co r r e l a t i on  is t h a t  insi  'cneous condi- 
t i o n s  a t  qmax, condi t ions which a r e  not  random .annot be con- 

t r o l l e d ,  govern the  subsequent r o l l  behavior of the..SDl and eny 
recokery system must be capable of saccess fu l  deployment i n  t h e  
presence of po t en t i a l l y  la rge  r o l l  r a t e s .  "he a b i l i t y  of para- 
chutes t o  e i t h e r  withstand suspension l i n e  twis t ing ,  o r  t h e  r o l l  
dampng provided by a  parachute a f t e r  deployment requi re  more 
ana lys i s ,  and possibly t e s t i n g ,  than could be performed under 
t h i s  contract .  Our approach has been t o  incorporate  a swivel i n  
t h e  recover j  system.  his i s sue  c e r t a i n l y  deserves more a t t e n t i o n  
before  committing t o  hardware procurement. 
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Another aspect of SRB reentry affecting recovery system components - . 

is the variation of altitude with tima from separation. A simple 
timer would be a desirable method for initiating the recovery se- 
quence. Figure 2.2-12 shows the corridor of altitude uncertainty 
possible as a function of time. For a specific time to initiate 
the recovery sequence, say 255 seconds, the altitude uncertainty 
would be approximately 22.7 km (9,000 ft). Obviously this un- 
certainty of altitude with time is much too large to rely on a 
simple timer for sequence initiation; therefore an altitude sensing - 
device such as a baroswizch or radar altimeter is required. 

-140 

The flow of recovery system requirements was previously identified . 
as starting with water entry and flotation and backing up the reentry 
profile. The TDdD system placed requirements on the IDLS phase to 

.? z 
provide conditions compatible with parachute deployment. The re- 
sults of the reentry study can be summarized by defining a reentry 3 
corridor as shown in Figure 2.2-13. The deployment boxes for both 
a drogue and main system, and the main-only system are superimposed 

. @ .j 
on the high a reentry corridor bounded by the cg-cp uncertainty 7 

1 

simulations of ?4X Ilg defined earlier. 

I t ,  
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The p l o t  c l e a r l y  shows tha t  :he na tu ra l  s t a b i l i t y  and dece le ra t ion  
-. of t he  high a reen t ry  meet :he TDCD deployment boxes f o r  e i t h e r  

concept. I n  addi t ion ,  the  low q below 6.1 km (20,000 i t )  a l t i t u d e  
inf luences the  TDCD concept s e l e c t i o n  of a main-only recovery system, 
as previously discussed. Thus, f o r  t he  present  SRB configurat ion,  no 
ID&S system concept appears t o  be necessary. 

However, t h e  reen t ry  ana lys i s  has i d e n t i f i e d  twu requirements of 
t he  TDCD design: t h e  a b i l i t y  t o  accommodate s i g n i f i c a n t  contin- 
uous r o l l  r a t e s ,  and recovery sequence i n i t i a t i o n  v i a  an a l t i t u d e  
sensing device.  

2.2.2.3 Predicted Impact Area E l l i p s e  

The t r a j e c t o r y  r e s u l t s  discussed i n  t he  previous s e c t i o n  were a l s o  
used t o  make a preliminary es t imate  of t he  s i z e  of t he  recovery 
a r ea .  The recovery a r ea  s i z e  w i l l  in f luence  t h e  s e l e c t i o n  o f ,  
o r  perhaps e l imina te  t he  need f o r ,  e l e c t r o n i c  and v i s u a l  l oca to r  
a ids .  These i s sues  are t h e  sub jec t  of another  cur ren t  cont rac t  
and w i l l  no t  be addressed i n  t h i s  repor t .  

Table 2.2-5 lists t h e  c o n t r i ~ u t i o n s  t o  t he  predicted impact a r ea  
i n  t h r ee  pa r t s :  state vec tor  uncer ta in ty  a t  SRB separa t ion ,  re- 
en t ry  d i spers ions ,  and recovery a r e a  wind e f fec t s . .  The s t a t e  
vec tor  a t  separa t ion  should be  known with in  minutes of t he  event 
and could be  used t o  decrease t h e  recovery a r ea  s i z e  by t r a j ec -  
t o ry  simulation. These da t a  are presented a s  syrmet r ic  along 
e i t h e r  ax i s  of t h e  e l l i p s e .  

Tab t e  2.2-  5 Recovay Area E 2 2ipt.e 
I > 

DOWNRANGE I CROSSRANGE 
DISPERSION km n mi km n mi 

STATE VECTOR 12.2 6.6 3.1 1.7 
REENTRY 10.4 5.6 6.1 3.3 
RECOVERY AREA WIND 8.7 4.7 7.8 4.2 

TOTAL RSS 18.3 9.9 10.5 5.7 



3.0 S!:d IMPACT ,OADS ANALYSIS (INCRPIEST 11) 
-----------*------------------------------------------------------- 

An amendmenc t o  the basic  cont rac t  defined four add i t i ona l  t asks  
i n  the  s t r u c t u r a l  ana lys i s  of the  case.  The following four s ec t i ons  
present the r e s u l t s  of these tasks .  

3.1. COElPUTER PROGRAEl TO TRANSLATE SLAPDOWN PRESSURE DISTRIBUTIONS TO 
CONC BITRATED NOREIAL LOADS 

The basic  output  of t h i s  t a sk  was a  document t i t l e d  Rater Impact 
Loads Program U t t Z i z a t i ~ n  Instructions dated October 1973. A 
FORTRAN I V  program deck and tape were a l s o  generated. This s ec t i on  
presents  a summary of t he  loads program; add i t i ona l  d e t a i l  i s  given 
i n  the U t i l i z a t i o n  Ins t ruc t ions .  

3.1.1 Genera 1 Description 

The t o t a l  v e r t i c a l  load, n o r m 1  concentrated pressure  loads,  and 
the  center  of p ressure  of t y p i c a l  SRB water impact slapdown pres- 
sure  d i s t r i b u t i o n s  a r e  computed i n  t h i s  program, which prepares 
the concentrated pressure  load information i n  punched card format 
s u i t a b l e  fo r  input t o  the  STAGS computer program. I n  ada i t i on ,  
t he  program prepares f o r  STAGS input  t he  i n e r t i a  r eac t ing  loads 
t o  the slapdown pressure  d i s t r i b u t i o n s .  The i n e r t i a l  r eac t ing  
loads a r e  ca lcu la ted  s o  a s  t o  balance t he  t o t a l  v e r t i c a l  pressure 
load a t  each incremental veh ic le  s t a t i o n .  The net  normal and tan- 
g e n t i a l  load coaponents a r e  then computed f o r  each mesh point .  

The mesh s i z e  of t h i s  program must be made cons i s t en t  with t he  
STAGS model mesh s i ze .  Because the  program uses  a  l i n e a r  incegra- 
t i on  scheme, t he  acccracy of t he  load r e s u l t s  w i l l  genzral ly  be 
a  funct ion of t h e  mesh dens i ty .  The accuracy is improved i f  the  
da ta  po in ts  used t o  descr ibe  the  kee l  p ressure  and wetted angle  
a r e  input a t  a  veh i c l e  s t a t i o n  corresponding to  a  mesh poin t  loca t ion .  

3.1.2 Program Inputs  

The program is  wr i t t en  t o  handle an asymmetric pressure p ro f i l e .  
L normalized d i s t r i b u t i o n  both longi tud ina l ly  and c i rcumferen t ia l ly ,  
a s  shown i n  Figures 3.1-1 and 3.1-2, is b u i l t  i n t o  t he  program. The 
input cons i s t s  of d a t a  po in ts  t o  descr ibe  the  normalized curves,  
peak pressure,  veh i c l e  radius ,  and vehic le  length.  These da ta  a r e  
required f o r  each pressure d i s t r i b u t i o n  and.lor cime point .  
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3.1.3 Program Outputs 

The ou tpu t  is a s e t  of punched ca rds  l i s t i n g  the  n e t  normal and 
t a n g e n t i a l  concentra ted loads  a t  each mesh po in t  t h a t  is loaded 
e i t h e r  wi th  p ressure  or  i n e r t i a l l y .  These c a r d s  can be used a s  
a d i r e c t  inpu t  t o  t h e  STAGS computer program. An a d d i t i o n a l  out- 
put i s  t h e  t o t a l  v e r t i c a l  component of p r e s s u r e  load and i ts 
c e n t e r  of pressure .  

3.2 WATER '.PIPACT FAILURE CRITERIA 

The Space S h u t t l e  Progrem requirement t h a t  t h e  s o l i d  rocke t  b o o s t e r s  
be recovered and re fu rb i shed  imposes unique requirements on t h e  
s t r u c t u r a l  des ign.  The booster  must ba designed t o  mainta in  s t r u c -  
t u r a l  i n t e g r i t y  through many c y c l e s  of launch, r e e n t r y ,  water  im-  
pact  recovery,  handl ing,  shipping,  and refurbishment.  This document 
e s t a b l i s h e s  des ign  c r i t e r i a  p r i m a r i l y  a p p l i c a b l e  t o  t h e  water 
impact loading condi t ion.  

The s o l i d  rocke t  booster  (SRB) is  comprised of t h e  s o l i d  rocke t  
motor (SREI), forward s k i r t ,  nose cone, a f t  s k i r t  and engine t h r u s t  
chamber. The number of o p e r a t i o n a l  f l i g h t  c y c l e s  t o  be used i n  
t h e  des ign  of t h e  major components is dependent on t h e  r e c y c l e  
t i m e  needed f o r  t h e  refurbishment of t h a t  component. The a d d i t i o n a l  
f l i g h t  c y c l e s  a n t i c i p a t e d  on components r e q u i r i n g  s h o r t  r e fu rb i sh-  
ment t i m e  must be considered i n  t h e  des ign,  a n a l y s i s ,  and t e s t i n g .  

The c r i t e r i a  is separa ted  i n t o  two d i s t i a c t  c a t e g o r i e s  i d e n t i f i e d  
as f a i l u r e  c r i t e r i a  and des ign  a l lowables .  The s e c t i o n  on f a i l u r e  
c r i t e r i a  w i l l  address  t h e  l i m i t i n g  cond i t ions  t h a t  must be con- 
s ide red  t o  a s s u r e  s t r u c t u r a l  i n t e g r i t y  throughout t h e  multi-mission 
l i f e  of each SRB. The s e c t i o n  on des ign  a l lowables  w i l l  recommend 
s p e c i f i c  approaches and methods t h a t  w i l l  s a t i s f y  t h e  requirements 
e s t a b l i s h e d  i n  t h e  F a i l u r e  C r i t e r i a .  

3.2.1 F a i l u r e  Criteria 

This s e c t i o n  covers  f a c t o r  of pa fe ty  s e l e c t i o n ,  f a i l u r e  modes, 
s p e c i a l  c o n s i d e r a t i o n s  regard ing  refurbishment and reuse ,  and 
r e t e s t  requirements.  Some of t h e  b a s i c  requirements a r e  e s t a b l i s h e d  
regarding t h e  acceptance or  r e j e c t i o n  of t h e  v a r i o u s  p o s s i b l e  types  
02 s t r u c t u r a l  f a i l u r e  t h a t  could r e s u l t  from water impact and 
recovery.  



3.2.1.1 Factor  of Sa fe ty  S e l e c t i o n  

The t h r e e  primary c o n s i d e r a t i o n s  f o r  s e l e c t i o n  of f a c t o r s  of s a f e t y  
a r e :  

1 )  manned ve r sus  unmanned f l i g h t  cond i t ions ;  

2 )  s t r u c t u r a l  t e s t  requirements ;  

3) s t a t i s t i c a l  p r o b a b i l i t y  of loads  and a l lowables .  

14anned Versus Unmanned Flight - The launch p o r t t o n  of each miss ion 
r e q u i r e s  t h e  f a c t o r s  normally a s s o c i a t e d  wi th  a manned v e h i c l e .  
The water impact loading cond i t ion ,  a l though unmanned, r e q u i r e s  
s u f f i c i e n t l y  h igh s a f e t y  f a c t o r s  t o  provide  adequate  conf idence 
i n  t h e  s u r v i v a b i l i t y  of t h e  s t r u c t u r e  wi th  minimum refurbishment  
requirements.  To minimize t h e  anount of permanent deformation 
t h a t  might occur dur ing  water impact, a  f a c t o r  of s a f e t y  on y i e l d  
of 1.10 is s p e c i f i e d .  For t y p i c a l  SRM c a s e  m a t e r i a l s ,  t h e  1.10 
y i e l d  f a c t o r  is achieved by des igning t o  t h e  1.25 u l t i m a t e  f a c t o r  
of s a f e t y .  It is expected t h a t  t h e  SRB s k i r t s  may r e q u i r e  some 
s t r u c t u r a l  weight pena l ty  i n  o rde r  t o  o b t a i n  t h e  1.10 y i e l d  f a c t o r  
a s  opposed t o  t h e  convent ional  1.00 f a c t o r .  

Pre l iminary  s t u d i e s  have i n d i c a t e d  t h a t  t h e  water impact loads  
a r e  s i g n i f i c a n t l y  h igher  than t h e  loads  experienced dur ing  manned 
f l i g h t  f o r  many s t r u c t u r a l  elements.  I t  is ,  t h e r e f o r e ,  probable  
t h a t  t h e  r e s u l t i n g  e f f e c t i v e  f a c t o r s  of s a f e t y  ( inc lud ing  margin 
of s a f e t y )  f o r  t h e  manned f l i g h t  c o n d i t i o n s  w i l l  be h igher  than  
the  s p e c i f i e d  des ign  va lues .  Sa fe ty  f a c t o r s  a r e  presented i n  
Table  3.2-1. 

Table 3.2-1 Recommended Factors of Safety 
. - 
SRB - -  - 7 
GENERAL STRUCTURE ' . - ~. 

YIELD.. . K T . -  . 

1 1  1.4 

1.1 1.25 

1 I 

PROOF TESTS* 
I (MANNED CONDI'I IONS1 

ULTIMATE TESTS: 

MANNED 

- 
PR.ESSURIZED _ 
YIELD ULT 

1 2 1.4 

1.1 125 

PROOF ULT 
1 2  - 

140 
(BURST 
TEST1 

125 - . . . . .  

SAM 

GENERAL-"ltCT.URE 

YIELD ULT 

1.1 1.4 

1.1 1 .25 

PROOF ULT 

1 1  

PROOF ULT 

1 1  

140  

1 25 UNMANNED 
. 1 I I. - .  I 1.25 

I *MINIMUM FACTORS . ACTUAL C4CTORS TO BE DETERMINED BY CONTRACTOR', FRACTLIRE 
MECHANICS ANALYSIS. 



s'tr*ct:tr;7 Yest .=eaz..hnr.~ts - The design fac:ors of s a f e t y  a r e  
c l o s e l y  i n t e r r e l a t e d  wi th  t h e  s t r u c t m a l  test program. Table 
3.2-1 s p e c i f i e s  t h e  minimun. f a c t o r s  of s a f o t y  t o  be used i n  a l l  
u l t imate  and proof t e s t s  of  SRB s t r u c t u r e .  The a c t u a l  proof fac- 
t o r s  w i l l  be determined by t h e  SRB cont . ractors  based on require-  
ments r e s u l t i n g  from f r a c t u r e  mechanics a n a l y s i s .  

StatisticaZ ProbaSiZit_s of Loads and RIZowa3les - The b h t e  Carlo 
a n a l y s i s  ou tpu t  includes  a  s e t  of loads  corresponding t o  a  99% 
p r o b a b i l i t y  of no t  being exceeded. The N a t e r i a l  P r o p e r t i e s  used 
iil t h e  a n a l y s i s  a r e  t o  be t h e  "At' v a l u e s  o r  equ iva len t  of MIL- 
HDBK-5B within  which 99% of t h e  populat ion of v a l u e s  i s  expected 
t o  f a l l  wi th  a  95% confidence l e v e l .  The r e s u l t i n g  p r o b a b i l i t y  
of f a i l u r e  due t o  water impact i s  approximately 0.01% as a  r e s u l t  
of combining t h e s e  loads ,  s t r e n g t h s ,  and a  1.25 s a f e t y  f a c t o r .  
This l e v e l  of s t r u c t u r a l  r e l i a b i l i t y  i s  c o n s i s t e n t  with accepted 
s t r u c t u r a l  a n a l y s i s  p r a c t i c e .  

Since t h e  f b i l u r e  of t h e  SRB f o r  t h e  water impact cond i t ion  does 
no t  r i s k  l o s s  of l i f e  o r  miss ion,  a  t r a d e a f f  i s  recommended t o  
consider  d e l e t i o n  of some s t r u c t u r a l  tests of t h e  SRM f o r  water 
impact loads ,  t ak ing  i n t o  account t h e  magnitude of t h e  a n a l y t i c a l  
margin. This w i l l  r e q u i r e  a f a i l u r e  p r o b a b i l i t y  a n a l y s i s  t o  con- 
f i r m  t b e  low l o s s  of v e h i c l e s  caused by water impact loads  and 
must consider  t h e  v a r i a t i o n  of s t r e n g t h  between a r t i c l e s .  The 
lowest  c o s t  approach between t h e  t e s t  and a n a l y s i s  i s  recommended, 
g iv ing  duz cons idera t ion  t o  r i s k .  

3.2.1.2 F a i l u r e  Modes 

The SRB s t r u c t u r e  is  loaded p r imar i ly  by a x i a l  compression and 
p ressure  caused by water impact, submersion, and slapdown. The 
s t r u c t u r e  i s  t o  be designed and analyzed us ing convent ional  
methods of s t l u c t u r a l  a n a l y s i s ,  inc lud ing  math models when 
necessary.  A l l  s t r u c t u r a l  elements w i l l  be  analyzed f o r  t h e i r  
c r i t i c a l  loading condi t ions .  Design and a n a l y s i s  s h a l l  consider  
b a s i c  s t r e n g t h  f a i l u r e  such a s  t e n s i o n ,  compression, bending, shear ,  
and bearing.  The compression loads  r e s u l t i n g  from a x i a l  load and 
bending w i l l  r e q u i r e  cons idera t ion  of s t a b i l i t y - t y p e  f a i l u r e s  of 
both a l o c a l  and general  na tu re .  

Fatigue - The s t r u c t u r a l  loading t h a t  occurs  dur ing t h e  SRB re- 
covery, t r a n s p o r t a t i o n ,  and refurbishment sequence s h a l l  be in- 
cludsd ir. t h e  s e r v i c e  l i f e  a n a l y s i s  of t h e  SRB s t r u c t ~ x e .  The 
number oi: o p e r a t i o n a l  uses  required f o r  each component w i l l  be  
consisten?.  wi th  t h e  r e c y c l e  t i m e  needed f o r  refurbishment of t h a t  



component. More f l i g h t  cyc les  a r e  a n t i c i p a t e d  on components re-  
q ~ i r i s g  s h o r t  refurbishment time. Fat igue l i f e  i s  t o  be considered 
f o r  t h e  t o t a l  load c y c l e s  f o r  t h e  a n t i c i p a t e d  miss ions ,  accounting 
f o r  s t a t i c  and dynamic l o a d s  inc lud ing  a c o u s t i c  and thermal load- 
ing. Cumulative f a t i g u e  damage e f f e c t s  from t h e  t o t a l  l i f e  a r c  
t o  be considered i n  t h e  design.  

L'xpos~m 30 Temperature - Various elements of che SAB s t r u c t u r e  
w i l l  be exposed t o  temperature extremes dur ing t h e  launch and de- 
scent  p h ~ s e s  of each f l i g h t .  Consideration w i l l  be given t o  tem- 
p e r a t u r e  d i f f e r e n t i a l s  t h a t  may occur dur ing  f l i g h t  and watel i m -  
pac t  t o  preclude f a i l u r e  caused by thermal ly  induced stress. The 
reduc t ion  i n  m a t e r i a l  p r o p e r t i e s  due t o  repeated exposure t o  e le -  
vated temperatures w i l l  be considered t o  avoid a reduc t ion  i n  t h e  
p ro jec ted  s e r v i c e  l i f e .  

S t ~ e s s  Cormsion - Spec ia l  a t t e n t i a n  w i l l  be given t o  a r e a s  of t h e  
SRB s t r u c - u r e  t n a t  m y  be subjected t o  p re loads  o r  o the r  locked-in 
s t r e s s e s ,  t s p e c i a l l y  dur ing t h e  recovery per iod when d i r e c t  ex- 
posure t o  s a l t  water occurs.  Use of m a t e r i a l s  having s u s c e p t i b i l i t y  
t o  s t r e s s  c r r r ros im craciiing w i l l  be avoided (Ref. NASA SP 8082). 

3.2.1.3 P r o b l e m  Associated wi th  Reuse 

I n  a d d i t i o n  t o  s t r u c t u r a l  des ign s a f e t y  f a c t o r s ,  t h e r e  are s e v e r a l  
o the r  cons idera t ions  t h a t  a f f e c t  t h e  p r o b a b i l i t y  of reachieving 
f l i g ' h t  c e r t i f i c a t i o n  f o r  each SRB. These  consideration^ are basi-  
c a l l y  t i e d  t o  t h e  eva lua t ion  of s t r u c t u r a l  damage and eva lua t ion  
of d a t a ,  which might i n d i c a t e  s u s c e p t i b i l i t y  t o  f u t u r e  damage. 
The s p e c i f i c  i tems covered i n  t h e  eva lua t ions  include:  

1 )  ~ a l t  water exposure; 

2) eva iua t ion  of s t r u c t u r a l  damage; 

3) permanent deformation; 

4 )  retest c r i t e r i a .  

Sat t  Water Exposure - The SRB w i l l  be exposed t o  sal t  water from 
time of water impact u n t i l  f lushed wich f r e s h  water  follor-I.,;  re-  
covery. cons idera t ion  w i l l  be  given r o  t h e  cumulative e l f e c t  
of sal t  water exposure t o  v e r i f y  t h a t  no premature f a i l l i r e  w i l l  
r e s u l t .  Reduction i n  m a t e r i a l  th ickness  and ~ t r e n g t h  caused by 
c o r r o s i v e  e f f e c t s  w i l l  be accounted f o r  i n  t h e  a n a l y s i s .  



E-~alila t ion 0:' Str~ic tural  3 m ? e  - Following the  recovery of each 
SRB, it w i l l  be necessary 'lo assess  any s t r u c t u r a l  damage that 
may have occurred during the  water iapact .  The water impact load 
condition does not lend ~ t s e l f  t o  high confidence load predict ions.  
It is, therefore,  dcs i rab le  t o  obta in  add i t i ona l  con£ idencc i n  t he  
water impact loads by s t a t i s t i c a l  evaluat ion of a c t u a l  f l i d h t  im- 
pact data .  The f i r s t  severa l  f l i g h t s  should conta in  ins t rmentwt ion  
to s a t i s f y  t h i s  requirement. In  addi t ion,  &11 SRB f l i g h t  a r t i c l e s  
should contain ins t runenta t ion  t o  a i d  i n  l oca t ion  of any str;,:ural 
dmage. Any elements t ha t  exhib i t  evidsnce of rupture  o r  co l l apse  
v i l l  be replaced during refurbishment. 

Penrrcm?nt Gefornaszt<on - Any evidence of damage not  i n  t he  category 
of ~ l t i m a t e  rupture o r  co l lapse  -xi11 be evaluated with regard t o  
the following guidel ines  : 

SR?l Case - I n e l a s t i c  aeformation of t he  SRH case  d u r h g  water im- 
pact will je yermitoed i f  the case can be brought back wi th in  or ig-  
i n a l  ~ c l e r a n c e  and yielding is not excessive as judged by the  cog- 
nizant s t r u c t u r a l  engineer. 

SRa S k l r t s  - I n e l a s t i c  dt;forrktion of t he  SRa s k i r t s  w i l l  be  per- 
mitted i f  the s k i r t s  can be refurbished s o  thac the  to le rances  of 
the o r ig ina l  configurat ions a r a  s a t i s f i e d .  I n e l a s t i c  buckling of 
sk in  panels t h a t  r e s u l t s  i n  rxlpture cf s t i f f e n i n g  elements v i l l  
not be.normitted. A s t r u c t u r e  damaged t o  t h i s  exter.5 must be 
replaced 

A 1 1  c r i t i c a l  SRB dfnensions w i l l  be v e r i f i e d  t o  be wi th in  thc  re- 
?;ired tolerances a f t e r  each fiigh: so that case  and s k i r t  i n t e r -  
changabili:? w i l l  be maintained. 

Retest ?~*tt3& - A s  a f i n a l  ver i f ica tdon  of f l i g h t  worthiness,  
proof t e s t s  w i l l  be ~e r fo rmed  on the  refurbished SRB. The proof 
test l e v e i s  dl1 be determined by f r a c t u r e  mechanics ana lys is .  

In order t o  minimize cos t  and refurbishment cyc le  time, i t  is  de- 
sir-',le t o  keep she r e t e s t  operat ion t o  a dnimum cons is ten t  with 
achieving confidence i n  s t r u c t u r a l  k t e g r i t y .  It is, therefore ,  
a requirenent to  evaluate  the pct e n t i a l  necess i ty  f o r  s t r u c t u r a l  
prcof t p s t  against  the water impwc load- da t a  obtained from the 
previous f l i g h t s  of t he  SRB i n  question. 



3.2.2 Design AI lowable? 

This section of the c r i t e r i a  proposes speci f ic  approaches and 
methods of , -mlysis  that  w i l l  siip?lement the f a i l u r e  c r i t e l i a  
presented i n  the previous section. The material  is organized so 
tha t  it pa ra l l e l s  the f a i l u r e  c r i t e r i a  as closely a s  possible. 

3.2.2.1 Use of Safety Factors 

Tine tab le  3r' safe ty  fac tors  presented i n  Table 3.2-1 w i l l  be 
used for  SZB design. These fac to r s  w i l l  be applied t o  99% prob- 
a b i l i t y  loads and pressures for  the water impact condition. The 
design yield a d  d L sign u l  tisa te loads obtained through applicat  icn  
of the appropriate fecrors  of safety w i l l  be compared t o  material 
s trength propert ies  having 99% probabil i ty such as MIL-HDBK-50 "A" 
values, or equi.valent. Margins of safe ty  w f l l  be cou+ted fo r  
the c r i t i c a l  design yield or design ultimate conditions. It w i l l  
be a design goal to  achieve minimum posi t ive  margins of A f e t y  
consistent  with a l i  other s t ruc tu ra l  constraints .  

3.2.2.2 Methods of Anrlysis 

The SRn s t ruc ture  vi l l  he analyze? fo r  a l l  c r i t i c a l  loading con- 
d i t ions  bv coivtntictlal aeros-,acc methods of analysis .  The fol-  
i o w i q  items w i l l  be considered i n  the analysis: 

i'se ~ : f  Flustic Bending A ~ ~ Z e s  - Tc miaiaize s t ruc tu ra l  weight, 
i t  is possible to take-advantage of the moment carrying capabi l i ty  
t h r t  t e r r a i n  materials exhibi t  in tbe  p l a s t i c  range. It is recom- 
mended t h a ~  GO w e  be made of these increased allowables except 
i n  the range between lirit and ultimate load. U s e  of p l a s t i c  
bending allowables below l i m i t  load coul i  r e s u l t  i n  an excessive 
amount of permaneu: deforr~srion tha t  would require refurbishment. 

For applications where .asage of an ultimate p l a s t i c  bending fac tor  
nny be apprbpriare, it is necesssry t o  consider rhe elongation 
charac ter is t ics  of the material i n  q ~ e s t i o n .  Materials having l o w  
elongations ( less  than 4%) a r e  not considered su i t ab le  for  use of 
p l a s t i c  bending allowables. Since there is usually a s fgni f icant  
var ia t ion  i r ~  elongation versus material grain d i rec t ion ,  c lose  
a t tent ion  to  orientat ion of grain is r e q u i r e .  

Use of k?.essure A'eXef mrd Stczbitizing Effects - SKB sodel  t e s t  
data show tha t  ",e SW; case in te rna l  p i e s ~ u r e  is increased some- 
what during the water impact loading condition. The increase i n  
pressure appears to  vary a s  a function of impact angle with the 
higher pressures occurring a t  smaller angles measurtd from ver t i ca l .  



The impact veloci ty does not have a s ign i f i caa t  e f fec t  on pres- 
sure  buiidup. The data indicate t h a t  the  in te rna l  pressure build- 
up lasts through che t i n e  period when the  maximum case hoop bending 
moments occur. It therefore is possible t o  take advantage of the  
in te rna l  pressure e f f e c t  when analyzirig the SRN case fo r  the  water 
impact loads, assuming the minimtm design value can be determined 
by test. 

Buckzing ctr2=l' 3 i p p Z i r g  AmZywie - Compression l o a d 4  s t r u c t u r a l  
elements r - - u i r e  analysis  for  loca l  s t a b i l i t y  (i.e., buckling of 
panels, flange crippling,  e t c ) .  The ainimm. tinickness of the  
s t r u c t u r a l  e c m a t  and the mechenical propert ies  ant icipated f o r  
the last f l i g h t  are to  be used for  this analysis .  

Designing agains t  SRB s t r c c t u r a l  f a i l u r e  by general i n s t a b i l i t y  
during :he water impact condition is a subject  :hat enconpasses 
in terac t ion  equations, nonlinear e f fec t s ,  \nd choice of correlation 
fac tors ,  as w e l l  a s  the  basic consideration of the  buckling problem. 
Recammendations pertaining t o  these re la ted  areas  a r e  presented as 
a pkr t  of t h i s  section. The analys is  t o  ve r i fy  the  s t r u c t u r a l  in- 
t e g r i t y  f o r  general s t a b i l i t y  w i l l  be based on nominal dimensions 
and mechanical propert ies  ant icipated for the  l a s t  f l i g h t .  

The SRB s t ruc tu re  w i l l  be designed such that m y  buckling t h a t  
occurs, due t o  applicat ion of ul t imate design loads, w i l l  not  re- 
s u l t  i n  col lapse of s t r u c t u r a l  components. For monocoque s h e l l  
s t ruc ture ,  t h i s  w i l l  include adjacent s t r u c t u r a l  elements such a s  
bulkheads and terminal r ing  frames. For s t i f  fen& she l l s ,  t h i s  
requirement w i l l  be extended t o  mean t h a t  any panel buckling t h a t  
occurs a t  ul t imate load wil l  not cause rupture of the  paael o r  
the  s t i f f en ing  elements. 

The SRB s t ruc tu re  w i l l  be designed such t h a t  any buckling that 
cccurs because of applicat ion of l i m i t  aesrgn loads w i l l  be of an 
elastic nature only. The deformations produced by such e l a s t i c  
buckling w i l l  not be so la rge  as t o  produce undesirable changes 
i n  the  loading geometry. 

The water impact loading condition produces various types of s h e l l  
loadings, the  most pignif icant  of which a r e  the  external  pressure 
conditions on the s k i r t s  and SR,!,! case. There a r e  vartous combi- 
nations of applied  load^ tha t  involve =term1 pressure. The 
i n i t i a l  analys is  which has been performed i n  t h i s  a rea  has shown, 
hwgever , tha t  the  longitudinal  corcpreasion o r  bending loads t h a t  
occur i n  combination with the external  pressure are small. The 
shape of the  in te t7 r t ion  curve is, therefore,  of lesser signif icance 
fo r  these loading conditions thh9 f o r  aore equally balanced cases. 



The l i t e r a t u r e  generally recommends a l inea r  relat ionship between 
longitudinal compression and external  pressure as indicated by the  
interact ion equation: 'conp + Rpress = 1. The l inea r  re la t ionship  

is believed t o  be somewhat conservative, but i t i s  expected tha t  
very L t t le  w i g h t  savings could be achieved through use of a l e s s  
conservative curve. 

The buckling analyses performed on the  SRB s t ruc tu re  fo r  water 
impact conditions w i l l  consider the  nonlinear nature of the  s h e l l  
s t ruc ture ' s  response t o  external  pressure loads. The nonlinear 
e f f e c t s  w i l l  be accounted for  by considering the  deflected geometry 
of the s h e l l  g t  each loading increment. Use of a nonlinear s h e l l  
analysis  compucer program is necessary t o  adequately perform the 
s h e l l  buckling analysis ,  

Fatigue - The requirement for  the  SRB t o  be designed f o r  use in 
many missions requires tha t  specia l  a t t e n t i o n  be given areas  of 
stress cor zentrations. It is necessary co provide a design with 
a minimum of l o c a l  stress risers and t o  use appropriate stress 
concentration fac to r s  t o  prevent i n i t i a t i o n  of f a t igue  fa i lures .  
The t o t a l  accumulation of load cycles f o r  the  number of planned 
missions fo r  each SRB w i l l  be used'for the  fa t igue  analysis,  in- 
cluding flight,  Impact, recovery, t ransportat ion,  refurbishment, 
and confirmation test ing.  The use of Miner's equation is recom- 
mended. 

Themat Stress Analysis - The exposure of the  SRB s t ruc tu re  t o  
elevated temperatures during Launch and reentry followed inatediately 
by enersion in salt water crea tes  a need t o  evaluate the  s t ruc tu re  
fo r  thermally induced stresses. The design ul t imate thermal stresses 
wil l  be combined with the  u l t h a t e  water impact stresses f o r  con- 
d i t ions  tha t  are shown t o  CO-exist. 

Stress Corrosion - ?he use of naterials having s ign i f i can t  :;us- 
c e p t i b i l i t y  t o  stress corrosion is not allowed. The res idual  
stresses due t o  ins ta l l a t ions ,  welding, and assembly of the  vehicle 
s h a l l  be used t o  compare ac tua l  s t r e s s  i n t e n s i t i e s  with allowable 
threshold s t r o s s  in tens i ty  levels  for  the  material.  Protective 
coatings should be  used t o  avoid exposure t o  corrosive environments; 
however, these coatings a r e  susceptible t o  damage and the  i n t e g r i t y  
of the design should not depend on the i r  being in tac t .  



3.2.2.3 Reuse Considerations 

The s t ructural  design and analysis w i l l  give consideration t o  8RB 
reuse, especially with regard to  s a l t  water exposure, evaluation 
of s t ructural  damage, permanent deformation, and re tes t .  

S a l t  Water Erpostlre - C,nsideratioa in the design, analysis, and 
tes t ing wi l l  be given to reduction in mechanical properties and 
dimensional. changes result ing from the anticipated service l i f e  
of the SRB. This may require designing for  raduced properties 
and increased thicknesses to  show st ructural  adequacy for  the 
l a s t  f l ight .  Overtesting of the s t ructural  qualif ication test 
a r t i c l e  is required t o  account for the difference i n  capabil i ty 
between th i s  a r t i c l e  and the reduced capabil i ty anticipated for  
the l a s t  f l ight .  

E~ahat ion  of StructwuIZ Dcarrgs - The SRB design sha l l  pov ide  in- 
strumentation to aid in the evaluation or' s t ructural  damage. This 
instrumentation should consist primarily of accelerometers t o  be 
located in the forward and a f t  skirts. Strain and pressure gages 
and thermocouples may also be desirable in areas of anticipated 
locally high stresses a d  temperatures. Following SRB racovery, 
the a r t i c l e  dl1 be disassembled as requkred for  the planned re- 
furbishment. Each s t ructural  element will be mrnined as defined 
i n  the inspection procedure. 

P a m a n m t  Dafommtion - The SRB design w i l l  miniPize the amount 
of permanent deformstion that  can result Erom water impact loads. 
Use of the analysis methods r e ~ m d  In Section 3.2.2.2 w i l l  
help t o  achieve this design requirsarat. 

Ia the design of the sklrtlcase interfaces, consideration oust  be 
given to  interchangeability of the ref urbishad s t ructural  components . 
It w i l l  be a desigil goal t o  achieve r e a s d l y  of the refurbished 
components without having to  rework the Interface holes. 

Retest d& - Following the refurbishment operatian, each SBB 
must be recer t i f ied for  the next launch. Any testing of the re- 
furbishad SBB will be to  verify its s t ructural  in tegr i ty  only for 
the manned f l i gh t  envlrola~ants. The retest conditions w i l l  be t o  
proof-test levels  detemlned by fracture mechanics analysis. All 
Pvrjor s t ructural  assemblies ins ta l led as part of t h  refurbidmeat 
mt bave hen previously qualified by ultirate test. Thls u h U  
include any s t ructural  redesigns or beefups that ray be r e q u f r d  
bccause of a water Impact fa i lu re  during the SRB service l i f e .  



STRUCTURAL RESPONSE OF 120-in. DROP TEST SPECIMEN 

The purpose of t h i s  task was to review the data from the 12binch 
s t a t i c  strength tests and the 120-inch (77%) model drop tests to 
resolve any differences between the two s t ructural  responses. The 
basic approach taken was to  compare measured s t resses  and deflec- 
t ions from s t a t i c  and drop tests using a colawn loading parameter. 
All of the drop test data was t a k a  from U a b  Book for 120-inch 
m e t e r  (77 %) Solid Rocket Booster Mode2 Water Recovery Drop Test 
Progzwn, dated June 1973. The instrumentation locations a r e  de- 
picted i n  Figure 3.3-1. 

ST.& 8W.3 43l5 DIAMETER DEFLECTIONS 

STA- miu &is LATERAL O~OWI STRAINS 

F-e 3.3-1 120-in. D2.op Instrmentation Locations 



3.3.1 Tabulation of Drop Test Results 

Maximum pressure loads, deflect ions and s t resses  occurred for  the  
higher value of v e r t i c a l  impact velocity and impact angle 8; there- 
fore,  only the resu l t s  for 5 of 0.35 rad (20 deg) o r  greater  were 
evaluated (11 drop conditions). 

Peak pressure readings were taken a t  s i x  longitudinal s t a t ions  
along the keel. Because of ro l l ing  during the slapdown impact 
condition, the maximum pressure did not necessarily occur a t  the  
keel. Circtimf e ren t i a l  measurements a t  Stat ion 928.3 were used for  
each drop condition to  c - t c u l a t e  a r o l l  compensation factor .  This 4 factor was applied t o  a l ,  of the aeasured keel pressures a t  the 
other s t a t ions  i n  order to  make a more r e a l i s t i c  prediction of 
maximum pressure. Table 3.3-1 lists the compensated peak pressure 
at  each of the s i x  s t a t ions  and the associated time of peak pres- 
sure for a11 11 drop conditions. Note tha t  i n  same cases measure- 
ments were not taken. 

Table 3.3-2 lists the maximm diameter deflecticr.  a t  three d i f fe ren t  
s t a t ions  for the same s i x  times that  were shown on Table 3.3-1. 
The appropriate r o l l  compensation factors were again used t o  calcu- 
late samewhat higher deflections. Conditions 3, 4, and 5 were the 
only conditions where deflect ions a t  *.tarions 431.5 and 695.3 were 
measured. In  a l l  three instances the deflect ions a t  StatLon 431.5 
were greater than a t  695.3 for the f i r s t  four times = ' . r m n .  This 
information was used t o  ca lcula te  average fac to r s  tha t  were m u l t i -  
plied times the Stat ion 695.3 deflect ions for  conditions 1, 2, and 
13 t o  approximate s t a t ion  431.5 deflections. The same fac tors  were 
used t o  ca lcula te  Stat ion 431.5 deflect ions fo r  condition 12 t o  re- 
place instrumentation r e s n l t s  tha t  de f in i t e ly  appeared t o  be i n  er- 
ror. A l l  of the l i szed deflect ions represent diameter decreases 
(negative sign) except a t  Stat ion 808.3 for  conditions 13, 14, 17, 
18, and 20. The only explanation of t h i s  l a t t e r  data (assumiag 
i t  is correct)  is that  a d i f fe ren t  mode shape was excited i n  those 
f i v e  drops. This possible discrepancy i n  the data is not considered 
important s ince the d e f l e c t i s . w  at  Stat ions 431.5 and 695.3 a r e  
larger and of more in te res t .  

The maximum hoop bending s t resses  a t  each of three d i f fe ren t  s ta-  
t ions  for  the  six times of i n t e r e s t  a r e  tabulate6 i n  Table 3.3-3 
for  the 11 drop conditioas. The sign of the  stress is of l i t t l e  
concern because i t  is primarily a bending stress. No Poisson or  
r o l l  compensation correction was included since the effec: of each 
would be amall. The check marks adjacent t o  some of the  stress 
readings indicate  tha t  the s t r a i n  gage that  would have shown the 
highest reading (at  the  keel) was not recorded a t  tha t  s t a t i o n  during 
that  part icular  drop condition. In  two cases no s t r a i n  gage data 
was recorded a t  Stat ion 703.3. 



Table 3.3-1 2 0 - i n .  Drop Peak Pressures 

v 

KEEL 
PRESSURE MEASUREMENT 
MEASUREMENT LOCATION 
NO. STATION 

00 010 411.5 
00009 513.3 
00008 6l8.3 
00 007 7 133 
00005 8383 
00003 928.3 - 

TEST 
RUN 
DESCRIPTION 

GI1501 
e=~52nd00"1 
vv = 2.68 m/s 

cs.8 tpt) 

Cl45-03 
e=a36tadm 
V,, = 2.68 mls 

(811 fpr) 

I PEAK PRESSURE 1 I 
ROLL OF UNCWPENSATED CmPENaTED TEST 

TIME OF 
PEAK 

Nlm' N/m2 
PEAK 

PRESSURE, - . (psi) - , (psi) RUN PRESSU l 
s 10' 104 OESCRlPTIOh s 

V, = 16 mls - 
(52.6 fps) 3.02 

322 



- 

I k 

- ;RIPTION 

-05 
35 r i  QOO) 
5.45 mls 

4 

- 
-12 

52 rad (30") 
10.7 mls 

fps) 

1-13 
40 fad 43") 
10.7 m~s 

fw)  

d 

1-14 

40 rad 43") 
16 rnls 

. fps) 

- 

I PEAK PRESSURE I 
ROLL OF UNCOMPENSATED COMPENSATED PEAK Nlm2 PRESSURE, - Nlni2 . (psi) - 

10" 10' 
. ( P 4  

S 
k 

I TEST 
RUN 

1 DESCRIPTION 

Ct45-17 
e=035rad QO") 
V, = 162 mJs 

(532 fpr) 

TIME OF 
PEAK 
PRESSURE, 
s 
- 

3.13 
-- 

3.40 
- 
3.70 

PEAK PRE! 

UNCOMPENSATED 
Wm2 - 
10' 

. (psi) 

CWPENSATED 1 
N1m2 10' , (psi) 



Table 3.3-2 120-in. Drop Diameter Def tections (RGZI Cormensatedl 

MAXIMUM DEFLECTIONS 

100 m (in.) 100 m (in.) 100 m (in.) 

TEST 
RUN 
NO. 

1 MAXIMUM DE 

100 m (in.) 100 m ( 

2.60 .76(- .3) - 2.03(- 
280 -1.27(- 5)  - 3.05(- 
2.99 -1.27(- .5) - 4.32(- 
- - - 

3.39 - - 2.03(- 
3.57 127( 5 )  - .51(- 
- - 

2.90 NOT - 9.4 (- 

3.04 MEASURED -10.7 (- 

3.18 -13.4 (- 

329 - 9.67(- 
3.39 - 5.36(- 
2.27 1.02( .4) - 2.54(- 
250 229( .9) - 5.85(- 
2.60 2 .W 1.0) - 5.85(- 
2.78 3.05(12) - 7.36(- 
2.98 229( -9) - 5.08(- 
3.1 1 - - 1.02(' 
- - 
- - NOT 
- - M EASL 

3.02 6.35( 2.5) 
322 5 . W  2.3) 
3.35 1.77( .7) 



MAXIMUM DEFLECTIONS 
SECTION C-C TEST 

100 m (in.) 100 m (in.) NO. 

TIME, 
S 

- 
3.13 
- 

3.40 
- 

3.70 

MAXIMUM DEFLECTIONS 
-- 

SECTION A-A SECTION B-B 
STATION 808.3 1 STATION 695.3 I STATION 431.5 
100 m (in.) I 100 m (in.) 1 lag m (in.) 

- 
4.3 (1.69) NOT 

- MEASURED 

6.W2.54) 
6.74(2.65) 
2.41( 95) 

- 
- NOT 

4.06(1.6 MEASURED 
4.32(1.7 

- 

NOT I 
MEASURED 



Table 3.3-3 1 2 0 4 1 .  Drop !taximum Stresses 

TEST 
RUN 
NO. 

C-145-0' 

- I 
~- - ~p 

MAXIMUM STRESS 
SECTION C-C 
STATION 451.5 

, TEST 
RUN 
NO. 

I 

C145-05 

TlME 
SEC. 

SELTION A-A 
STATION 703.3 
N/m2 (ksi) 
10T 

2.50 -1.0 (-1.45) 
2.60 -1.2 (-1.74) 
2.78 - .mi- .87) 
2.98 - .M(- .87) 
3.11 - .80(-1 .16) - 
- 
- NOT 

AXlM -- ~. 

SEC7 
STA? 
N/mL 
10' 
- 6.9- 
10.0 

-13.0 

- 4.4 
- 2.0 - 

- 

-1 6.4 
-22.0 
-26.0 
-14.0 
- 8.0 
- 6.0 
-10.7 
-10.6. 
-1 1.4 
- 6.0 

2 .o - 
- 
- 



-- 
3 N  A-A 

F XlMUM STRESS 
SECTION B-B 
STATION 533.3 

MAXIMUM STRESS 
r 

SECTION C-C TEST TIME SECTION A-A SECTION 6-B SECTION C-C 
STATION 451.5 RUN SFC. STATION 703.3 STATION 543.3 STATION 451.5 t 
N/m2 (ksi) NO. N/m2 (ksi) N/m2 (ksi) N/m2 (ksi) 
10' 10'- 'T -iF 
- .60(- .87) -- - - - 

.40( .58) 3-13 -1.2 (-1.74) -14.0 (-20.3 ) -16.0 (-23.2 ) 

.40( 58) -- - - - * c-.?' 3.40 -2.0 (-2.9 ) -16.0 (-23.2 ) 14.0 (20.3 ) I - 

.60( 3 7 )  - - - - 
1.0 ( 1.45) 570  4.0 ( 5.8 ) 4.4 ( 6.38) - 5..0 (- 7.25) 

- - - - - 
I 

- 1.0 (- 1.45) - - - - 
- 1.2 (- 1.74) '2.81 -1.2(-1.74) 9.6 ( 13.9 ) 11.6 ( 16.8 

- 1 .  (- 1.45) C145-18 2.99 -1.2 (-1.74) 6.0 ( 8.7 8.42( 12.2 ) 

- 1.0 (- 1.45) - - .- - 
- 1.0 (- 1.45) 3.35 - .80(-1.16) 1.80( 2.61) - .80(- I.'$) 

- - - -10.0 (-14.5 ) 

-12.0 (-17.4 ) 2.78 NOT i -20.0 (-2C1.0 ) - 1.2 (- 1.74) 

]2BECEDING PAGE BLANIC NOT Y&kU 
i 



3.3.2 P l o t s  of Drop ' ies t  Resu l t s  

Figures  3.3-2 and 3.3-3 present  the  most s i g n i f i c a n t  d a t a  ; i n t s  
f ron  Tables 3.3-2 and 3.3-3. D i f f e r e n t  symtdls were used t o  s ig -  
n i f y  t h e  t ime event when the  p ressure  peaked a t  t h e  f i v e  s t a t i o n s  
shown. I n  each ins tance  only llaximum d e f l e c t i o n  and s t r e s s  were 
p lo t t ed  f o r  each time. Envel:>ing curves  were est imated and p l c t t e d  
based on da ta  po in t s  shown. Thc trend shown fo r  the  d i f f e r e n t  
s t a t i o n s  is  a s  expected; i . e . ,  lower s t i e s s e s  and d e f l e c t i o n e  re- 
s u l t  f o r  any given va lue  of peak p ressure  a s  i t  moves t o  a more 
forward l o c a t i o n  (higher s t a t i o n  number). The b i g  spread between 
da ta  p o i n t s  aL any s t a t i c n  could be caused by inaccwacy  i n  i n s t r u -  
nen ta t ion  or  d i f f e r e n c e s  i n  t h e  dynamic response £ram one drop t o  
t!:e next.  There is  good c o r r e l a t i o n  when comparing s t r e s s e s  and 
def lec t io r l s  '- - any one drop a t  t h e  sanle time frame; i . e . ,  they 
a r e  e i t h e r  both low or both r e l a t i v e l y  high. 

Figure  - .3-4 shows t h e  l o n g i t u d i n a l  and c i r c u m f e r e n t i a l  d i s t r i b u -  
t i o n s  t h a t  were der ived by NASA-MSFC from tile drop test r e s u l t s .  
These d i s t r i b u t i o n s  were used t o  c a l c u l a t e  an equivalent  u n i t  
running Loop moment a s  exnlained i n  Sect ion 4.3.5 These curves  
f o r  t l  and t2 a r e  shown on F igure  3.3-5. A loading l e n g t h  of 3.81 
meters (150 i n . )  was used a s  being most r e p r e s e n t a t i v e  of a n  average 
moment 1-ading. F igure  3.3-6 p r e s e n t s  s t r e s s  versuk s t a t i c  average 
h@op moments f o r  va r ious  loading l eng ths .  Data shown on Figure  
4.3-15 were r a t i o e d  down by i t 1 2 0 / t 1 4 2 ) 2  t o  ob ta in  hoop moments 
and assoc ia ted  loading l eng ths  nt 2 s t r e s s  l e v e l  of 1,245,000,OGd 
11/mL (180,000 p s i ) .  >foments a t  any one loading l eng th  f o r  o the r  
s t r e s s  l e v e l s  were r a t i o e d  us ing r e s u l t s  Erom t h e  120-inch q t a t i c  
test condi t ion  D (See Pigure  4.3..13). 

Figure  3.3-7 shows a p l o t  of diameter d e f l e c t i o n  versus  average 
r u m i n g  hoop moment us ing a loading l eng th  equa l  t o  3.81 meters 
(150 i n . )  f o r  t h e  s t a t i c  load cond i t ion  B and f o r  t h e  envelope of 
drop test r e s u l t s  tha: produced t h e  maximum d e f l e c t i o n  (peak pres-  
s u r e  a t  s t a t i o n  513.3). Note t h a t  t h e  s t a t i c  hoop moment cor res -  
panding t o  y i e l d  was increased by a 1.15 f a c t o r  t o  accouct  f o r  s t q t i c  
test d e f l e c t i o n s  being 1.5 times those  t h a t  would he  expected f o r  . 
a VQ/I . a c t i o n  versus  a 1 .3  f a c t o r  between s t r e s s e s  (1.511.3 = 
1.1;). The peak p ressure  ~ a l u e s  from Figure  3.3-2 were mul t ip l i ed  
by 122 (from Figure  3.3-5) t o  determine t h e  appl ied averase  r u m i n g  
hoop momerit f o r  each drop test condi t ion.  Figure  3.3-8 p r e s e n t s  
t h e  maxin.u hoop stress versus  average running h o p  noment f o r  ' h e  
s t a t i c  test condi t ion  (taken from Figure  3.3-6) and a l s o  f o r  t h e  
drop tests using the S t a t i o n  513.3 curve from Figure 3.3-3. 
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3.3.3 Conclusions 

The f i r ta l  r e s u l t s  p lo t ted  i n  Figures 3.3-7 and 3.3-8 show tha t  
there  appears t o  be some dynamic amplif icat ion i n  the  load range 
for  which the  drop t e s t  r e s u l t s  a r e  appl icable .  The trend i s  fo r  
less ampl i f ica t ion  with increasing peak pressure.  This trend makes 
sense assuming t h a t  higher peak pressures  occur due t o  higher i m -  
pact v e l o c i t i e s  ( l e s s  time to  peak pressure) ,  and ths re fore  have 
higher frequencies associated with the  applied loads.  Assuming 
tha t  the  lower values of p r r i s u r e  correspond t o  frequencies near 
t h a t  of the s t r u c t u r a l  frequency of the case fo r  a hoop bending 
v ibra t ion  mode (approximately 15 Hertz),  a resonance of some mag- 
ni tude would e x i s t .  With increasing applied load frequency (and 
a l s o  decreasing s t r u c t u r a l  frequency caused by nonlinear def lec-  
t ions) ,  the resonance would be expected t o  decrease.  

It is  our understanding t h a t  NASA-MSFC has reduced the  predicted 
slapdown loads f o r  the  3.61 m (142 in.)  SRB t o  account f o r  the 
dynamic sho r t  term nature  of t he  loading. The r e s u l t s  from the  
120-inch drop tests do not  seem t o  j u s t i f y  t h i s  reduction. The 
reso lu t ion  of t h i s  concern should be a dynamic ana lys i s  of t he  
slapdown loading condi t ion combined with add i t i ona l  instrumented 
drop tests and s t a t i c  t e s t s .  

3.4 llONOLI'll1IC VERSUS SECNENTED JOINT CASE DESIGN 

Extensive s t rength  evaluat ion of the case cen te r  segsents  has been 
conducted a n a l y t i c a l l y  and through s t a t i c  t e s t i ng .  The bas ic  pur- 
pose of t h i s  t a sk  was t o  evaluate  the  r e s u l t s  of subscale  model 
t e s t s  t o  determine the  magnitude of s t r eng th  increase associated 
with a segmented case  design versus a monolithic design. The re- 
s u l t s  a r e  normalized t o  a base l ine  case diameter of 3.61 m (142 i n . ) ,  
0.0121 meter (9.475 in . )  nominal thickness s ized f o r  D6AC s t e e l  with 
an FtU = 1,345,000,000 tllm2 (195,000 p s i )  and F = 1,240,000,000 

t Y 
~ / m ~  .(180,000 ps i ) .  

3.4.1 Subscale liodel Test Specimens and Loading Conditions 

Three SRI s c a l e  models were used during the s t a t i c  test program. 
Two of these  models were of a monolithic cons t ruc t ion  (no i n t e r n a l  
frames). One model was 0.33 meter (13.0 in . )  i n  diameter,  2.44 
meters (96.0 i n . )  long, and had a sk in  thickness of 0.00127 meters 
(0.050 inch).  The o ther  model was 0.787 meter (31.0 inches) i n  
diameter, 4.36 meters (171.5 inches) long, and had a sk in  thickness  
of 0.0028 meter (0.110 inch). Both monolithic models were manu- 
factured from 4130 steel. 

3-29 



The th i rd  model was an ac tua l  A i r  Force mi s s i l e  of a segmented 
design. It was 3.05 meters (120.0 i n . )  i n  diameter,  21.2 meters 
(835.2 in . )  long, had a skin thickness of 0.00952 meter (0.375 
in . )  and was manufactured from D6AC s t e e l .  Sketches of these 
th ree  specimens a r e  shown i n  Figure 3.4-1. 

WALL THICKNESS = 0.00127 METER (0.05 in.) 
MTL 4130 NORMALIZED 

1- - - - 2.44 METER (96.0 in.)--- - 

- ' >MONOLITHIC 

t / DESIGNS 
WALL THICKNESS = 0.00279 
METERS (0.11 in.) 
MTL 41a p--4.26 METERS (171.5-in.)---- 

d 1 0.788 METER 0.0. 

WALL THICKNESS = 0.00953 METERS (0.375 in.) 
MTL. D6AC 

t- 21.2 METERS (835.2 in.) 

(121.0 in.) 

I _  I I 1 I /  
Figure 3.4-2 Three Subscale ModeZs Stattc Bs ted  

The c r i t i c a l  impact loading condi t ion occurs during slapdown and 
produces a c i rcumferen t ia l ly  varying pressure wave propagating 
forward along the  case with time. A l l  th ree  s t a t i c  test subocale 
models were loaded with somewhat s imi la r  pressure load d i s t r i b u t i o n s .  
Five load condi t ion€,  a s  shown i n  Figure 3.4-2, were appl ied t o  
the  13-inch and 31-f nch models. Figure 3.4-3 shows the  th ree  load 
condi t ions t h a t  were t e s t ed  and evaluated fo r  t h e  120-inch model. 
The t a rge t  peak pressure  var ied from 55,200 ~ / m ~  (8 p s i )  t o  310,000 
~ / m ~  (45 ps i )  longi tudinal ly .  Circumferent ia l ly  the  t a rge t  pres- 
sures  varied a s  a cos ine  funct ion from 0 p s i  t o  55,200 ~ / m *  (8 
p s i )  peak over a ha l f  r a d i a l  angle of 1.05 rad (60 deg) and from 0 
p s i  t o  310,000 ~ / r n ~  (45 p s i )  peak over a half  r a d i a l  angle  of 0.26 
rad (15 deg). Reactions were accomplished with s t r a p s  applying 
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uniform c i rcumferen t ia l  p ressure  over a 2.1 rad (120 deg) included 
angle.  Condition A loaded up t h e  forward ha l f  l e n g t h  of t h e  case:  
condi t ion B ,  t h e  middle one half  f o r  the  120-in. model and t h e  
middle one t h i r d  f o r  the  17-in. and 31-in. models; cond i t ion  C ,  
t he  a f t  hal f  l e n g t h  of t h e  case:  condi t ion D ,  t h e  forward one quar- 
t e r  l eng th  of t h e  case:  and condi t ion E t h e  second q u a r t e r  l eng th  
of the  case .  

3.4.2 Subscale Test  Resul ts  Extrapola ted t o  Yield S t reng th  

A l l  f i v e  s t a t i c  t e s t  cond i t ions  f o r  each of t h e  monolithic cases  
were conducted on t h e  same specimen. Loading condi i o n s  were c u t  
off  a t  varying persentages  of t h e  t a r g e t  loading t o  preclude 
y ie ld ing  dur ing any of the  z e s t s .  P l o t s  of s t r e s s e s  and d e f l e c t i o n s  
showed a d e f i n i t e  nonl inear  n a t u r e  i n  t h e  hoop b ~ n d i n g  f a i l u r e  
mode. The maximum hoop s t r e s s e s  were p l o t t e d  f o r  the  f i v e  loading 
cond i t ions  and ex t rapo la ted  t o  an F of 1,240,000,000 ~ / m ~  (180,000 

t Y 
p s i )  t o  o b t a i n  an  a l lowable  y i e l d  load f o r  each loading cond i t ion  
(Figures 3.4-4 and 3.4-5). 

A l l  t h r e e  s t a t i c  t e s t  cond i t ions  on t h e  120-in. segmented c a s e  
were a l s o  conducted on t h e  same specimen. Loading cond i t ions  were 
c u t  o f f  a t  varying percentages  of t h e  t a r g e t  loading t o  preclude 
y ie ld ings  dur ing any of t h e  tests. A c a l c u l a t i o n  of t h e  t o t a l  
load c e l l  readings  applying t h e  p r e s s u r e  loading showed t h a t  t h e  
a c t u a l  t e s t  cu to f f  percentage va lues  were d i f f e r e n t  than t h e  nom- 
i n a l  values .  P l o t s  of stresses and d e f l e c t i o n s  showed a defi i i ; '  
n o n l i n e a r , n a t u r e  i n  t h e  hoop bending f a i l u r e  model. The max 
hoop stresses were p l o t t e d  (using cor rec ted  test cu to f f  per(  2) 

f o r  t h e  t h r e e  loading cond i t ions  and ex t rapo la ted  t o  an F 
t Y 

l,24O,OOO,OOO ~ / m ~  (l80,OOO p s i )  t o  ob ta in  an a l lowable  y i e l ~  load 
f o r  each loading cond i t ion  (Figure  3.4-6). 

3.4.3 Subscale Yield kl lowables  Ratioed t o  142-in. Diameter 

Through t h e  use  of proper f a c t o r s ,  t h e  r e s u l t s  obtained from sub- 
s c a l e  model tests were r a t i o e d  t o  ob ta in  s t r e n g t h s  of t h e  142-in. 
case  f o r  each p a r t i c u l a r  c r i t i c a l  loading cond i t ion .  The hoop 
bending moments i n  t h e  c a s e  s t a t i c  t e s t s  were higher than would 
r e s u l t  dur ing an a c t u a l  slapdown f o r  t h e  same app l ied  pressures 
because of t h e  method of r e a c t i n g  t h e  load.  Analysis  showed t h a t  
i f  a VQII shear  r e a c t i o n  could have been used i n  t h e  s t a t i c  test, 
approximately 30% g r e a t e r  loads  could have been superimposed f o r  
t h e  same r e s u l t a n t  stress l e v e l .  This f a c t o r  of 1 . 3  was used i n  
r a t i o i n g  t h e  s t a t i c  t e s t  r e s u l t s  up t o  o b t a i n  a l lowables  f o r  t h e  
142-in. case.  
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The r e l a t i v e  hoop bending s t r eng th  between a 142-in. case and the 
subscale s t a t i c  t e s t  specimens is proport ional  t o  the  thickness 
r a t i o  squared and inversely proport ional  to  the radius r a t i o .  The 
net  e f f e c t  of considering these two r a t i o s  is a s t rength  increase  
fac tor  of 1.35 between the  142-in. case and the 120-in. test spe- 
cimen. Similar ly,  a s t rength  i x r e a s e  fac tor  of 4.075 e x i s t s  be- 
tween the 142-in. case  and the 31-in. t e s t  specimec; a s t r eng th  
increase f ac to r  of 8.26 e x i s t s  between the 142-in. case  and the  
13-in. t e s t  specimen. The r e s u l t a n t  s t r eng th  increase f ac to r  is 
a comSination of t he  1.3 and the other  f a c t o r s  l i s t e d  i n  t h i s  
paragraph. 

3.4.4 Allowables Converted t o  Hoop Bending Noments 

Since the  case  s t a t i c  test condicions for  a l l  th ree  subscale models 
tes ted  had a varying included dngle fo r  the appl ied pressure load, 
a means of evaluat ing t h i s  e f f e c t  needed t o  be determined. The 
method se lec ted  w a s  t o  f i r s t  p lo t  allowable runnir~g load along 
the loaded length. Then the  running load w a s  mult ipl ied by the  
rad ius  and the  moment coe f f i c i en t  corresponding t o  the  included 
angle a t  each s t a t i o n  t o  obta in  an  allowable running hoop moment. 

The allowable hoop moment f o r  t h e  142-in. diameter case  of mono- 
l i t h i c  cons t ruc t ion  was determined using the  f a c t o r s  discussed pre- 
viously and the r e s u l t s  obtained from the  13-in. static test re- 
s u l t s  (L/D = 7.4) and the  31-in. s t a t i c  t e s t  r e s u l t s  (L/D = 5.5). 
These allowables are presented on Figure 3.4-7. The peak allowable 
hoop moments, based on the  13-in. s t a t i c  t e s t  r e s u l t s ,  a r e  39,000 
meter Newtons/meter (8760 in.-lblin. ) f o r  Test  condi t ion A, 32,500 
meter Newtons/meter (7,000 in.-lb/in.) f o r  condi t ion B, and 34,003 
meter Newtonslmeter (7650 in. lb/ in .  ) f o r  condit ion C. The peak 
allowable hoop moments, based on the  31-in. s t a t i c  te. ' r e s u l t s ,  
a r e  42,500 meter Newtons/meter (9500 in.-lb/in.  ) f o r  t t  condi- 
t i ons  A and B and 35,700 meter Newtons/meter (8020 i n . - ~ b / i n . )  f o r  
condition C. 

The allowables based on the  31 in .  test specimen a r e  higher than 
chose based on the  12 in .  specimen because of the  lower value of 
L/D f c r  the  31 in .  specimen. Since the  120 in .  specimen had an  
L/D of 7.0, i t  was decided t o  c a l c u l a t e  weighted average allowables 
f o r  a 142 in .  monolithic case  using the  1 3  in .  and 31 in .  values.  
The r e s u l t s  a r e  shown on Figure 3.4-8. The allowable hoop moment 
f o r  a 142 in.  segmented design is  shown on the  same f igure .  
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Figure 3.4-8 142-in. Case Hoop Bending S& ?th for HonoZithio and S w e n t s d  Case Design 



3.1.5 Conclusions 

The summary presented i n  Figure 3.4-9 shows t h a t  the  l a rge r  d i f -  
ferences beLween the segmented and monoiithic s t rengths  occur 
f o r  condi'ions B and C. This is apparent ly due t o  the  f a c t  t h a t  
the  help from the  end bulkheads is na t  as g rea t  as f o r  condit ion 
. I f  the  loading length f o r  condition B on the monolithic spe- 
cimens had been L/2 r a the r  than L/3.  the segmented design would 
bvs exhibi ted an  even l a rge r  s t r eng th  increase  f o r  condit ion B. 
The r e s u l t s  presented here should be representa t ive  of t he  s t r eng th  
d i f fe rences  between the segmented and monolithic designs, assuming 
a 142 in.  segmented frame s t r eng th  equivalent t o  t h a t  of t he  120 
in.  specimen. The weight of t he  segmented design would be scme- 
w h a t  g r ea t e r  than a monolithic case  designed t o  t he  same MEOP. 
An approximate d e l t a  s t rength  fo r  equal weight designs is 25%. 
This magnitude of s t rength  d i f f e r e n t i a l  should be used by the  SRPl 
cont rac tor  i n  t rading of f  f ab r i ca t ion  methods and optimum design 
MEOP values.  

MONOLITHIC 

CASE A CASE B CASEC 
INCREASE IN  CASE 
BENDING STRENGTH 
FOR SEGMENTED DESIGN 

SEGMENTED 

Pigwe 3.4-3 142-in. Segmented Dee* AppreciabZy Stronger Than ~onoZithic 
for a C i v m  Vatus of MEOP 

- 

5 

-m.%y-T: . - .: 
... 



4 .O WATER MPACT REOUIREMENTS DEFINITION 

4.1 ATTRITION 

A def in i t ion  of water entry conditions compatible with a high con- 
fidence of successful SRB recovery involves modeling of many prob- 
a b i l i s t i c  parameters. Some of these parameters have nonlinear 
probability d is t r ibut ion functions, making simple techniques such 
a s  root-sum-square ( rss)  too conservative. In  general, what is 
needed is a deterministic solut ion t o  a nondeterministic problem. 
The nondeterministic nature of s t ruc tu ra l  s trength (e.g., fo r  a 
given load near the  s t ruc tu ra l  design limits sometimes f a i l u r e  
w i l l  occur) can be accomnodated by a random sampling technique 
l i k e  t h e  so-called Monte Carlo method, which can be applied t o  any 
method of calculation involving random sampling. Monte Carlo a lso  
allows for  interdependence of parameters and simultaneous perturb- 
at ion of a l l  parameters a t  randomly selected values. Because t h e  
technique is effec t ive  only for  problems formulated i n  probabil- 
i s t i c  terms, the  SRB water impact problem must be modeled accord- 
ingly. The variables involved i u  formulating t h e  water entry 
problem a re  shown i n  Figure 4 .l-1. 

Armed with the  appropriate random number generators, t h e  cumula- 
t i v e  probabil i ty d i s t r ibu t ion  of the  input parameters, and func- 
t ional  relat ionships among t h e  inputs, analysis  of t h e  behavior of 
the  SRB for  large numbers of water en t r i e s  may be conducted. The 
resu l t s  of the  random t r i a l s  can be tabulated t o  obtain the  resul- 
t an t  probability d is t r ibut ions  and these may then be s t a t i s t i c a l l y  
analyzed t o  determine t h e  SRB damage fo r  numerous impact veloci- 
ties . 
As used i n  t h i s  study, a t t r i t i o n  is defined as the  sinking of t h e  
SRB. This ha8 been assumed to occur when a 20% overload ruptures 
e i the r  of the  forward two case segments. Damage is defined as an 
werload that  renders components maul tab le  fo r  reuse. No repai r  
beyond nominal refurbishment is considered i n  t h i s  study; thus 
component damage resu l t s  i n  component a t t r i t i o n .  

4.1.1 Environmental Parameter8 

The most c r i t i c a l  parameters i n  t h e  a t t r i t i o n  analysis  a r e  environ- 
mental factors.  The water parameter data were obtalned primarily 
from NASA TM-X-64589 and its Addendum Water Entry and Recovery 
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Conditions. The water mass ve loc i ty  d i s t r i b u t i o n  (Figure 4 .l-2) 
was derived from the  wind wave height power spectrum. The r e s u l t  
is a Gaussian d i s t r i b u t i o n  f o r  water mass ve loc i ty  with a zero 
mean and a standard deviat ion equal t o  0 .O646 V where V is 

0 ' 0 

the ve loc i ty  of the  reference wind a t  '9.3-m a l t i t u d e .  The direc-  
t i o n  of t he  water mass veloc i ty  vector  was assumed t o  be randomly 
oriented a t  the  impact point .  Thus, t he  angle d i s t r i b u t i o n  
(Figure 4 .l-3) is described by a uniform d i s t r i b u t i o n  i n  t he  
v e r t i c a l  plane. The plane of water movement is oriented i n  the 
wave d i r ec t ion  which is cor re la ted  t o  the wind d i rec t ion .  No data  
were ava i lab le  f o r  t he  shape of t h e  probabi l i ty  d i s t r i b u t i o n  f o r  
t he  wave d i r ec t ion  angle (azimuth o f  wave d i rec t ion) .  It was 
assumed t r iangular  (Figure 4.1-4) with t h e  peak i n  t h e  mean wind 
d i rec t ion  and with the d i s t r i b u t i o ~  f a l l i n g  t o  zero a t  9 / 2  rad 
from the wind d i rec t ion .  

In  addi t ion t o  t he  water mass veloc i ty ,  water cur ren t  has been 
simulated. NASA memo YA-25-73 described t h e  current  ve loc i ty  a s  
Gaussian (Figure 4.1-5) with mean of 1.286 m / s  and standard de- 
v i a t ion  of 0.593 m l s .  The d i r ec t ion  of, t he  cur ren t  w a s  assumed 
generally northerly and described by a uniform d i s t r i b u t i o n  
(Figure 4.1-6) of azimuth ane le  i n  t he  northern quadrants (+n/2 
rad from north) . 
Wave height is calculated from t h e  19.3-m wind (TMX-64589, Figure 
18.2) but is not used present ly  because its e f f e ~ c  is contained 
within other dispersions.  For a r e t r o  system, wave height  w i l l  
contr ibute  t o  i gn i t i on  a l t i t u d e  uncer ta in t ies .  Present  da t a  a r e  
i n su f f i c i en t  t o  quan t i t a t i ve ly  determine t h e  e f f e c t  of wave 
s lope on a f t  end loads. However, w e  f e e l  t h i s  phenomenon w i l l  
contr ibute  l e s s  than a 10X increase  i n  t hese  loads. Further 
t e s t i n g  i n  terms of wave height ,  wave period, and wave s lope 
var ia t ion  on SRB model drop tests w i l l  be  required to  accurately 
assess  t he  sea s t a t e  e f f e c t  on a f t  end loads. It is expected 
t h a t  NASA drop tests a t  t h e  Taylor Model Basin w i l l  develop 
these  da t a  on slapdown loads s o  t h a t  wave s lope contr ibut ions can 
be incorporated i n  t h e  a t t r i t i o n  ana lys is .  

Wind gust da t a  were obtained pr imari ly  from memos wr i t ten  by and 
personal conversations with D r .  George F i c h t l  (MSFC-SCE-AERO-YA) . 
These were used t o  develop TD&D parameters described i n  Section 
4.1.2. Wind s t a t i s t i c s  f o r  water entry were developed from one 
kilometer wind ve loc i ty  s t a t i s t i c s  described i n  NASA memo YA-25- 
73. These s t a t i s t i c s  give t h e  zonal and meridional wind compo- 
nents  (mean and s i m a )  and t h e  cor re la t ion  coe f f i c i en t  between 
them f o r  each month of t h e  year (Table 4.1-1). The wind d i s t r i -  
butions a t  one kilometer a l t i t u d e  a r e  thus described as cor re la ted  





I 1 
n A -_ - e c u ~  bad) 
2 2 

0 MEAN IN NORTHERLY DIRECTION 

Figure 4.1-6 Water Currertt Direction 

Table 4.1-1 One Kilometer Wind S t a t i s t i c s  i n  SRB 
Recovery Zone 

MONTH I METEf 

JANUARY 
FEBRUARY 

MARCH 

APRIL 

MAY 

JUNE 

JULY 

AUGUST 

SEPTEMBER 

OCTOBER 

NOVEMBER 

DECEMBER 

NOTE: STATISTICS ARE FOR ZONAL (u) AND MERlDlANAL (v) 
WIND COMPONENTS AT 1 km ALTITUDE IN SRB RE- 
COVERY ZONE: AND F ARE MEAN VALUES; su AND 
s,, ARE STANDAR~ DEVIATIONS: rUv IS THE CORRELA. 
TlON COEFFICIENT BETWEEN u AND v. 



b i v a r i a t e  Gaussian func t ions  (Figure 4.1-7). The wind ve loc i ty  a t  
any lower a l t i t u d e  is  ca lcu la ted  using equations i n  NASA memo 
YA-62-72. Of p a r t i c u l a r  concern is  t h e  wind a t  parachute canopy 
height and t h e  reference wind a t  19.3 m (used fo r  water mass ve- 
l o c i t y  ca l cu l a t i on ) .  The former i s  used t o  def ine  t h e  major com- 
ponent of parachute hor izonta l  ve loc i ty  and is  described i n  
Section 4.1.2. 

4.1.2 TD&D Parameters 

The physical  parachute/SRB system parameters used t o  de f ine  water 
impact condi t ions fo r  load determination together  with t h s  environ- 
mental parameters a r e  i l l u s t r a t e d  i n  Figure 4.1-1. While not  a l l  
of t h e s e  parameters make an equal cont r ibu t ion  t o  t h e  outcome, t h e  
mathematical model has been formulated s u f f i c i e n t l y  general t o  in- 
clude t h e i r  e f f e c t s .  The TD&D system parameter values used i n  t h e  
a t t r i t i o n  ana lys i s  a r e  a l l  described by p rabab i l i t y  funct ions and 
a r e  sumar i zed  i n  Table 4.1-2. 

To de f ine  t h e  l i m i t s  on some of t he se  parameters, a 6 DOF para- 
chute  deployment program was exercised.  Dispersion da t a  consis ted 
of wind p r o f i l e s  from NASA TMX-64589 and simulated wind gus ts  a s  
described i n  NASA memos YA-42-72, YA-62-72, and YA-9-73. From 
these  runs it was determined t h a t  r o t a t i o n  r a t e s  (wl,w2) were neg- 
l i g i b l e  and tha t  t h e  hang angle ,  €I2, of t h e  SRB has a maximum of 
0.14 rad (8 deg) . (The o the r  hang angle ,  8 1, was combined with 
82.) The SRB m t i o n  i s  bas i ca l l y  an harmonic o s c i l l a t i o n  a t  t h e  
end of t he  parachute l i n e s .  The motion was simulated by assuming 
as a p robab i l i t y  funct ion an a r c s i n e  d i s t r i b u t i o n  (Figure 4 .l-8). 
The azimuth angles  were combined i n t o  a s i n g l e  projected angle  f o r  
t h e  SRB ($2). Because of t h e  random en t ry  o r i e n t a t i o n ,  t h i s  angle  
is described by a uniform d i s t r i b u t i o n .  

Three add i t i ona l  parachute parameters may be simulated. The prime 
parameter, which serves  a s  t h e  independent va r i ab l e  i n  a l l  a t t r i -  
t i on  r e s u l t s ,  i s  t h e  terminal descent ve loc i ty ,  VTD. This veloc- 

+.cy designs t h e  physical  parachute system. It is  simulated with a 
laean ve loc i ty  and a Gaussian d i s t r i b u t i o n  (Figure 4.1-9) whose s tan-  
dard devia t ion  is 5% of t h e  mean. This value was determined from d is -  
pers ions  on parachute CDA and atmospheric dens i ty .  Corroboration 

was obtained from ve loc i ty  d i s t r i b u t i o n s  developed i n  Apollo stud- 
ies ('ITS-2430) . 
Parachute t r a n s l a t i o n  due t o  l i f t  (VpT) and parachute r o t a t i o n a l  

ve loc i ty  a t  t h e  nozzle  (Vpo) were defined,. VpT was neg l ig ib l e  i n  

t h i s  study because of t h e  use of ribbon chutes t h a t  have no t rans-  



v (MERIDIANAL) 

l o  PROBABILITY SAMPLE BlVARlATE GAUSSIAN WIND 
ELLIPSE FOR JANUARY 

MEAN VALUES: ii = 3.03 m/s 
v' = 0.91 m/s 

ou = 7.01 m/s 

oV = 6.45 m/s 

D = 0.008 (CORRELATION COEFFICIENT) 

Figure 4.1-7 One K i lme te r  Wind Velocity Distribution 

Tablt? 4.1-2 TD&D Parmeter Values Used i n  A t t r i t i o n  
Analysis 

DEFINITION 

HANG ANGLE-PARACHUTE P TO VERTICAL 

HANG ANGLE-SRB Q TO PARACHUTE Q 

PARACHUTE ROTATION RATE ABOUT 
VERTICAL 

SRB ROTATION RATE ABOiiT PARACHUTE Q 

PARACHUTE Q PROJECTED AZIMUTH 

SRB q PROJECTED AZIMUTH 

MEAN TERMINAL DESCENT (DESIGN) VELOCITY 

PARACHUTE TRANSLATION VELOCITV DUE TO LIFT 

NOZZLE TANGENTIAL VELOCITY DUE TO ROTATION 

RETROMOTOR AV (IF APPLICABLE) 

RETROTHRUST VECTOR MISALIGNMENT (TO SRB Q) 

DlSTRlBUTl0r.i AND VALUE 

SET TO ZERO-INCORPORATED 
IN O 2  

2 0.14 rad (* 8") ARCSINE 
DISTRIBUTION 

DAMPS TO ZERO AT IMPACT 
(<0.001 rls) 

SET TO ZERO - INCORPORATED 
IN $2 

UNIFORM DISTRIBUTION 0 
TO 2 n rad 

GAUSSIAN WITH = 0.05 VTD 

SET TO ZERO - RIBBON CHUTES 

SET TO ZERO (<O.O1 mls AT 
IMPACT) 

GAUSSIAN-MEAN AND SIGMA 
ARE CONFIGURATION- 
DEPENDENT 

UNIFORM-LIMLTS ARE CONFIGU- 
RATION-DEPENDENT. 
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l a r i o n s l  l i f t .  The nozzle tangent ia l  ve loc i ty  was negl ig ib le  be- 
cause of t h e  neg l ig ib l e  ro t a t i ona l  r a t e s .  

For hybrid sys t e r s ,  parameters nust be added t o  account f o r  re t ro-  
motor dispers ions.  For s imp l i f i ca t i on ,  r e t r o  dispers ions a r e  as- 
sumed t o  occur i n  t he  impact plane with r e t ro th rus t  a t  an angle  

(uniform d i s t r i b u t i o n )  from t h e  SRB cen te r l ine .  The d e l t a  
'R 
veloc i ty  caused by r e t r o t h r u s t ,  DVR, is described a s  a  Gaussian 

d i s t r i bu t ion  with mean and sigma a s  inputs .  These parameters a r e  
both configuration-dependent. 

4.1.3 Monte Carlo Computer Model 

Tine k n t e  Carlo water el>try m d e l  is defined i n  terms of t h e  para- 
meters previously described. The Monte Carlo ana lys i s  cons i s t s  of 
randomly se l ec t i ng  parameters from t h e i r  respec t ive  probabi l i ty  
d i s t r i bu t ions ,  vec ro r i a l l y  combining chem a t  the  water en t ry  po in t ,  
a  -4 determining impact ve loc i ty  and angle d i s t r i b u t i o n s  t h a t  de- 
f i n e  t he  en t ry  loading condi t ions on t h e  SRB. A l l  of t h e  prob- 
a b i l i t y  d i s t r i b u t i o n s  described i n  t h e  previous sec t ions  a r e  
wr i t ten  i n to  t he  m d e l  but m y  e n s i l y  be  changed t o  o ther  d i s t r i -  
butions i f  required. 

The macrologic fo r  t h e  computer model is ' l lus t ra ted  i n  Figure 
4.1-10. Figure 4.1-11 shows t h e  process by which random number 
generators  (seeded by clock t i m e )  are used t o  s e l e c t  environmental 
and physical parameters f ron t h e i r  cumulative probabi l i ty  d i s  tri- 
britions. Each input parameter is se l ec t ed  us ing  a d i f f e r e c t  ran- 
dcm number t o  a s su re  a realistic unbiased simulation. The para- 
meters a r e  vec to r i a l l y  combined using 3 6  kinematic equations t o  
ob ta in  t h  v e r t i c a l  (V ) and hor izonta l  (V ) components of t he  V H 
impact ve loc i ty .  The impact a c t i t u d e  ( 4  ) is t h e  angle  between I 
v e r t i c a l  and the  p ro j ec t i oa  of the  SRB cen te r l i ne  i n t o  t he  impact 
(VV, VH) plane. One output  of t he  s imulat ion is the  probabi l i ty  

d i s t r i bu t ions  f o r  V V, VH, and 81. These d i s t r i b u t i o n s  allow cal-  

cu la t ion  of impact s t a t i s t i c s  such a s  t he  mean and s tandard de- 
v i a t  ion f o r  each parame ter. 

Five s t r u c t u r a l  components a r e  considered i n  t he  load ana lys i s  : 
forward s k i r t ,  a f t  s k t r t ,  nozzle (with and without extension) ,  
SRB case,  and t h e  a f t  dome. Derivation of t h e  loads  i n  terms of 

vvs "11, 
and B I  is  described i n  Sect ion 4.2. The model uses l i n e a r  

t a b l e  lookup t o  perform t r i v a r i a t e  i n t e rpo la t i on  f o r  t he  component 
loads (Figure 4.1-12). The s t r u c t u r a l  s t r eng th ,  a  nondetermin- 
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i s t i c  quantity, is determined L y  random selection from the coat- 
ponent strength distr ibutions described i n  Section 4.3. Except 
for the SRB case, component a t t r i t i o n  occurs when the load ex- 
ceeds the strength. The SRB case is  assumed t o  rupture and sink 
when a 20% overloaG occurs i n  the forward two case segments dur- 
ing SRi3 slapdown. At t r i t ion of two case segments is assumed for  
overloads less than 20%. The load to  strength comparison is 
sumnarized by Figure 4.1-13. 

This procedure determines a t t r i t i o n  for  one randomly selected 
set of parameters. To obtain re l iab le  s t a t i s t i c s ,  many sets of 
parameters must be run. The model has storage capability for  
2000 Han?~ Carla Lrisls and is easi ly  changed i f  more a r e  de- 
sjred. Presently, lOOC r r l i  s )lave been found suff ic ient  to  
create reproducible results. The en t i r e  Mol%te Carlo simulation 
is run for each terminal descent velocity Ofm) t a  be examinrrr. 

The outcome (a t t r i t ion)  for  each component is accrmoulated over 
the t o t a l  number of t r i a l s  and used t o  formulate the  a t t r i t i o n  
s t a t i s t i c s  for each VTD. 

Refurbishment and component replacement costs serve as a basis 
of a s h p l i f i e d  cost estimate procedure. When component refur- 
bishment costs are  multiplied by a t t r i t i o n  probabil i t ies and 
summed over all  components, a resultant  SRB refurbishment cost 
curve is obtained as a function of terminal descent velocity. 

4.1.4 Water Entry Conditions 

The Honte Carlo water entry computer program has been exercised 
to  determine water entry conditions. The results are presented 
i n  terms of clmr~lative probability distr ibutions fo r  the  three 

VV, VN, and BI. These distr ibutions a r e  pre- impact parameters-- 

sented in Figures 4.1-14 through 4.1-16 f o r  terminal descent 
velocit ies (V ) of 12.2, 21.3, 30.5, and 40 m / s  (40, 70, 100, TD 
and 130 fps). Since horizontal velocity and impact angle a r e  in- 
dependent of VTD, the i r  distr ibutions w i l l  apply t o  a l l  ver t ical  

veiocities. The ver t ica l  velocity, VV, is basically the sum of 

the 5% VTD dispersion and the  ver t ica l  water mass velocity. The 

horizontal velocity, VB, includes the  effe ts of wind, water cur- 

ent, and horizontal water mass velocity. The *act angle dis- 
tr ibution results from the harmonic osci l la t ion of the  para- 
chute/SRB and is an arcsine function with zero mean and l imits  
of 20.14 rad (8 deg). -act angle distr ibutions were deter- 
mined from 6 DOF simulations of the  parachutefSRB system i n  the 
presence of surface winds. 
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HORIZONTAL IMPACT VELOCITY, mh 

Figure 4.1-1 5 CrauZotioe Probability of Horiaontd Impact 
Velocity, VH 
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4.2 WATER IMPACT LOADS ANALYSIS 

This sect ion discusses SRB s t r u c t u r a l  loade resul t ing  from a t a i l -  
f i r s t  water impact. The SRB, attached t o  the parachute recovery 
system, impacts the  water a t  a speci f ied  nominal v e r t i c a l  veloci ty.  
Because of exis t ing  wind conditions, the  SRB also  has a horizontal  
veloci ty component and an angular pos i t ion  a t  time of impact. In  
addition, the  water surface may be i n  any condition from calm t o  
very rough. 

The SRB is essen t i a l ly  a cyl indr ica l  s h e l l  closed a t  the top, with 
an open nozzle a t  the bottom and a s k i r t  s t ruc tu re  tha t  extends 
a f t  from the cyl indr ica l  body. This af t end presents a compli- 
cated s t ruc tu re  tha t  impacts and penetrates down i n t o  the  water. 
After impact, water rushes up i n t o  the  nozzle and a f t  s k i r t  enclosure, 
and through the  nozzle throat  in to  the  i n t e r i o r  of the  cyl indr ica l  
shel l .  

Analytic tools  a r e  not  y e t  avai lable  t o  accurately predict  time 
h i s t o r i e s  of pressures and resu l t ing  loads throughout the  struc-  
tu re  fo r  such a complex loading phenomena. Prediction of peak 
loads must r e l y  heavily upon experimental data. Loads presented 
i n  t h i s  report  a r e  based on the  l a t e s t  applicable t e s t ing  resu l t s .  

It is important t o  keep i n  mind severa l  f a c t s  regarding the  ap- 
p l i c a b i l i t y  of the  test r e s u l t s  t o  predic t  SRB loads: 

1)  Tests have not been pressure-scaled o r  temperature-scaled t o  
give r e a l i s t i c  case in te rna l  pressure relat ionships.  These 
fac to r s  w i l l  a f f ec t  peak body accelerat ions a s  w e l l  a s  peak 
penetration. 

2) In  the  present recovery procedure, the  parachute remains attached 
u n t i l  three t o  f i v e  seconds a f t e r  impact t o  reduce i n i t i a l  
s l a p d m  loads. The e f fec t  of the  parachute on SRB motion 
and loads a f t e r  impact has not  been considered i n  the  tests 
t o  date. 

3) Testing t o  da te  has been i n  calm watere; e f fec t s  of waves or  
wave motion have not been considered. 

4) Most t e s t  da ta  avai lable  a r e  i n  the range of 12.2 t o  30.5 d s  
(40 t o  100 fps) v e r t i c a l  impact ve loci t ies .  For compcnents 
whose loade exhibi t  s trong dependence on VV, r e s u l t s  have been 

extrapolated t o  39.6 m / s  (130 fps) by assuming tha t  loads a r e  
proportional t o  dynamic pressure, i .e . ,  a function of veloci ty 
squared. 



The inf luence of a l l  these  f a c t o r s  on peak loads has not been 
completely assessed a t  t h i s  time. Because loads may change s igni -  
f i can t ly  when including these  f ac to r s ,  addi t iona l  t e s t i n g  and 
analyses including these  e f f e c t s  must be accomplished before de- 
s igns  a r e  f ina l ized .  

4.2.1 C r i t i c a l  Impact Loading Conditions 

The SRB experiences severa l  c r i t i c a l  loading events during water 
entry.  Figure 4.2-1 i l l u s t r a t e s  t he  four  loading events con- 
s idered.  Immediately following i n i t i a l  contact with t h e  water, 
t he  SRB experiences peak r i g i d  body a x i a l  and l a t e r a l  accelera- 
t ions .  A t  t h i s  time, only the  a f t  end of t h e  SRB has entered the  
water. The SRB continues i n t o  the  water t o  i t s  maximum submergence 
pos i t ion ,  and then rebounds due t o  bouyant forces .  

Five s t r u c t u r a l  components arc? s tudied  f o r  su rv ivab i l i t y  during 
t h e  water impact event. These include t h e  SRB case, t h e  f o w a r d  
s k i r t ,  t he  nozzle, t h e  a f t  dam*?, and t h e  a f t  s k i r t .  The base l ine  
configuration presumes the nozzle extension has been je t t i soned  
before water impact. Loads a r e  presented both with and without 
the  nozzle extension. 

The e n t i r e  a f t  end (nozzle, dome, s k i r t )  experiences peak loadings 
a t  time of peak r i g i d  body accelerat ions.  These loads increase 
with increasing values of v e r t i c a l  and/or ho r i ron ta l  impact veloci-  
t i e s .  The case s t r u c t u r e  loads a r e  not  important f o r  low v e r t i c a l  
impact ve loc i t i e s ,  bu t  may become c r i t i c a l  f o r  values g rea t e r  than 
30.5 m / s  (100 ips) .  Forward s k i r t  loads a r e  low a t  t h i s  time. 

I n i t i a l  slapd..wn occurs a s  a  r e s u l t  o f  appreciable  hor izonta l  
impact ve loc i t i e s .  Following impact, t he  SRB pi tches  over as i t  
plows i n t o  the  water. Peak loads may occur both i n  t he  SRB case 
and on the  forward s k i r t .  For low values of hor izonta l  impact 
ve loc i ty ,  i n i t i a l  slapdown loads a r e  low. 

The SRB case may experience c r i t i c a l  hydros ta t ic  ex terna l  pres- 
su re  loads a t  maximum submergence f o r  high v e r t i c a l  and very low 
hor izonta l  impact ve loc i t i e s .  

Secondary slapdown occurs during rebound from the  maximum sub- 
mergence posi t ion.  A l l  t e s t s  i nd ica t e  t h a t  i n  no case does the  
SRB leave the  water during rebound. In  general ,  secondary s lap-  
down loads a r e  s ign i f i can t  f o r  low VH (when i n i t i a l  slapdown 

loads a r e  low), and a r e  r e l a t i v e l y  low f o r  high VH (when i n i t i a l  

slapdown loads a r e  high).  
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The e f f e c t  of impact a n g l e  ( 6 )  v a r i e s  wi th  t h e  r e s u l t a n t  v e l o c i t y  
v e c t o r  ang le  f o r  a l l  loading cond i t ions ,  and can cause  s i g n i f i c a n t  
changes i n  peak loadings .  

4.2.2 Impact Condit ions Using Xonte Car lo  Analyses 

The Monte C a r l o  a n a l y s i s  desc r ibed  i n  S e c t i o n  4.1 combines s e v e r a l  
i n p u t  parameters t o  o b t a i n  s e t s  of wa te r  impact cond i t ions .  Ons 
ou tpu t  of t h i s  a n a l y s i s  is a  p r o b a b i l i t y  d i s t r i b u t i o n  i n  terms of  
v e r t i c a l  impact v e l o c i t y  ' C" h o r i z o n t a l  impact v e l o c i t y  V , and 

H 
impact a n g l e  8. A t o t a l  of 1000 cases  of impact cond i t ions  a r e  
genera ted by t h e  Monte Car lo  a t t r i t i o n  a n a l y s i s  f o r  each nominal 
v e r t i c a l  impact v e l o c i t y  considered.  

R e s a l t s  of t h i s  a n a l y s i s  a r e  p resen ted  i n  F igure  4.2-2. S i g n i f i -  
can t  o u t p u t s ,  which s e r v e  a s  gu ides  i n  determining va lues  and 
l i m i t s  t o  t e s t  impact cond i t ions  a r e :  

1) t h e  mean h o r i z o n t a l  impact v e l o c i t y  i s  h i g h ,  about 7 m / s  
(23 i p s ) ;  t h e  range is from 0 t o  22.9 m / s  (75 f p s ) .  

2) t h e  impact a n g l e  i s  low, w i t h  va lues  expected t o  b e  less than 
10.14 rad  (18 deg) ; the nominal va lue  is 0 r a d i a m .  

SIGN CONVENTION 
- - 

STATISTICAL 
RESULT 

MEAN VALUE 

STANPAR3 DEVIATION 

MAXIMUM VAL UE 

MINIMUM VALUE 

COMMENT 

VH, HORIZONTAL 
IMPACT VELOCI.: f 
rnls f pr 

7.0 23 

4.0 13 

22.9 75 

0 0 

-50 CASES WITH 
VH > 15.2 rnlsec 
(50 ftlsec) 

0 ,  
IMPACT ANGLE 
rad deg 

NOTE: RESULTS BASED ON 1000 CASES 
RESULTS INDEPENDENT OF VERTICAL IMPACT VELOCITY 

Figure 4.2-2 Monte Carlo Analysis Predicts High VH and Lm Impact ; 



The presence ~f a high mean VH means t h a t  eve :  wi th  a  recovery 

system t h a t  could achieve a  very low va lue  of VV, t h e  SRB would 

s t i l l  impact t h e  water a t  nominally 7 m l s  ( 2 3  f p s )  h o r i z o n t a l l y .  

4.2.3 Sca le  Test Models 

To p r e d i c t  SRb s t r u c t u r a l  loads  during t h e  water  impact even t ,  
ex tens ive  t e s t i n g  programs have been conducted us ing instrumented 
sca led  models. To c o n s t r u c t  A e s e  models, Froude s c a l i n g  has  been 
used f o r  mass d i s t r i b u t i o n s ,  moments of i n e r t i a ,  and l e n g t h s .  
Tes t  impact cond i t ions  f o r  v e r t i c a l  and h o r i z o n t a l  v e l o c i t i e s  a r e  
a l s o  based on Froude sca l ing .  F igure  4 . 2 . - 3  shows t h e s e  r e l a t i o n -  
sh ips .  S c a l e  model t e s t s ,  a s  i n d i c a t e d  on t h e  same f i g u r e ,  have 
been performed both  by MMC and by NASA t o  o b t a i n  a c c e l e r a t i ~ n ,  
pressure ,  and s t r a i n  gage time h i s t o r i e s .  High speed photographic 
coverage was used t o  o b t a i n  t r a j e c t o r y  informat ion,  p e n e t r a t i o n  
c h a r a c t e r i s t i c s ,  and comparisons wi th  instrumented r e s u l t s .  

The 8 inch diameter MMC model has t a i l  c o n f i g u r a t i o n s  w i t h  s t r a i g h i :  
and canted nozzles.  Its a f t  end conf igura t ion  c l o s e l y  resembles 
t h a t  of t h e  c u r r e n t  SRB b a s e l i n e .  No h o r i z o n t a l  v e l o c i t i e s  were 
included i n  these  tests. 

FROUDE NUMBER . $ 
PARAMETER 

LENGTH 

VELOCITY 

WEIGHT 

PRESSURE 

FORCE 

MOMENT 

WHERE 

- 
FROUDE SCALING 1 SOURCE OF WATER I M P K T  LOADS DATA 

LM - KLp 

v,- J7- vp 

I( .MODEL DIAMETER 
142 In. 

Figure 4 . 2 - 3  Froude S w Z i n g  ReZatiomhips Used on Teat Modelo 

WATER IMPACT TEST8 (WSED UrON NONCURREW CONFIQUR&TIOIJS) 

REPORT REFERENCES 

MHC001001.  M '  -. - - - - - 
I D E I I I N A O L  MEMO 

S b E U T N W L  172.78 U 7 2  

SLEA$WDIR 173411. 2/73 -------  
S L E M N D I R  (7&'131. U13 - - - - - - - - - -  
SSE-DIR (73-114). 4/73 

142 in. SRB LOADS DATA: W M D  QUARTERLV REVIEW. UlM 

K. SCALI 
FACTOR 

-.O.-- - 
0.- 

O.ar#l 

0.- 

SOURCE 

MMC - -  - - 
NAS4 

NASA 

NASA 

MODEL 
DIAMETEh 

8 m. - - , 
6.6 in. 

- _ _ _ _ _ _ - - - - -  
12.6 in. _ _ - - - _ _ - .  
110 n. 



Extensive NASA t2sts have been conducted on 16.5, 31.7 and 30.5 cm 
(6.5, 12.5, and 120-inch d i a re t e r )  models having a var ie ty  of  a f t  
end configurations with varying degrees of s i m i l a r i t y  with the  cur- 
ren t  SRB base l ine  configuration. The 120-inch t e s t  model is actu- 
a l l y  a Ti tan  I11 SRM. Test  da t a  obtained from t h i s  model a r e  
espec ia l ly  s ign i f i can t  s ince  i t  is nearly a f u l l  s c a l e  model. 

Horizontal ve loc i ty  test da t a  is  scarce ,  and recent ly  completed 
NASA t e s t i n g  emphasized t h i s  parameter on 31.7 cm (12.5 inch)  
models using the  cur ren t  basel ine configuration. These da t a  
have not been published. 

The NASA SRB quar te r ly  review (6/1/73) contains  de t a i l ed  pressure 
loadings on the  a f t  dome, a f t  s k i r t ,  and nozzle along with s lap-  
down loading il.fonnation a s  funct ions of hor izonta l  impact 
veloci ty .  Most of these da t a  a r e  not ava i l ab l e  i n  any previous 
t e s t  repor t s ,  and a r e  t he  only source f o r  such water impact loads 
in£  orma t ion.  

Froude sca l ing  has been assumed t o  apply when in t e rp re t ing  t e s t  
r e s u l t s  :o o5tain f u l l  scale r e s u l t s .  The NASA 12.5-inch model has 
been tes ted  severa l  times using a v a r i e t y  of a f t  end conditions.  
The f i r s t  12.5-inch model was constructed by Froude-scaling the  
120-inch model. This  permitted a d i r e c t  comparison of test re- 
s u l t s  f o r  sode ls  with d i f f e r e n t  scaie f a c t o r s  t o  assess  t he  
adequacy of Froude scal ing.  As reported i n  t h e  USA SRB quar te r ly  
review (6/1/73), comparison of t e s t  da ta  has been found t o  be  
q u i t e  good fo r  peak body acce lera t ions ,  slapdown pressures ,  noz- 
z l e  pressures,  and peak penetrat ion.  

SRB loads f o r  t he  forward s k i r t ,  case,  and nozzle have been 
determined by using Froude sca l ing  i n  conjunction with the  12.5 
and 120-inch test r e su l t s .  Aft  dome and a f t  s k i r t  pressure da ta  
presented a r e  Sased upon the  NASA qua r t e r ly  review (6/1/73). 

4.2.4 Aft  End Configuration Ef fec t s  

Figure 4.2-4 shows the  present  base l ine  a f t  end configuration. 
The nozzle extension is je t t i soned  before water impact but  is 
shown f o r  i l l u s t r a t i v e  purposes. The presence of the  nozzle 
extension g rea t ly  increases  loads a t  the  nozzle  throa t .  Without 
the extension, the  t o z z l e  loads a r e  s i g n i f i c a n t l y  lower; however, 
a f t  dome and a f t  s k i r t  loads a r e  increased without the  sh ie ld ing  
e f f e c t s  of the extension. 





A desirable consideration is t o  keep the  SRH a f t  end ( a f t  dome 
arrd nozzle) from being designed by water impact loads. Removal 
of the  nozzle extension before water impact should allow the noz- 
z l e  t o  meet t h i s  c r i t e r ion .  However, a f t  dome collapse pressure 
loads may be c r i t i c a l  upon water impact. To reduce these loads, 
one o r  more frames of the  a f t  s k i r t  could be enlarged t o  form a 
def lec tor  o r  b a f f l e  :o absorb energy from water impact and t r ans fe r  
tne load t o  the a f t  s k i r t .  Section 4.3.3 presents fur ther  dis-  
cussion of t h i s  design 

The a f t  skirt w i l l  experience collapse pressures i f  the  horizontal  
impact veloci ty (VH) is grea t  enough t o  cause the  water t o  im- 

pinge on the  outs ide  of the  s k i r t .  As shown i n  Figure 4.2-4, 
the a f t  s k i r t  has a 0.26-rad (15-deg) f l a r e  with respect t o  the 
SRB centerl ine.  Figure 4.2-5,shavs the minimum VH a t  which col- 

lapse pressures w i l l  occur. For increasing V values above t h i s  H 
minimum, increasing peak collapse pressure w i l l  be experienced on 
the a f t  s k i r t .  It is seen from the f igure  tha t  as the v e r t i c a l  
impact veloci ty (VV) increases,  the minimum value of 1' a l s o  in- 

H 
creases. This indicates tha t  the poss ib i l i ty  of ex i s t ing  collapse 
pressure decreases fo r  increasing V v 

\"\ h.; 

Figure 4.2-5 Mininimr VH for CoZZqse 

Pressure on Aft Skirt  



4 . 2 . 5  Attached Parachute Effect on Slapdown Loads 

Test data obtained t o  da te  indicates tha t  the  SRB t i p  accelerates 
downward following SRB i n i t i a l  water impact under high horizontal 
impact veloci ty conditions. This r e s u l t s  i n  the  high slapdown 
loads which occur on the  forward portion of the  case and on the  
forward s k i r t .  These tests were conducted by dropping the  SRB 
sca le  model and l e t t i n g  it f a l l  f r ee ly  t o  impact with the  desired 
impact conditions. In  the  current  recovery technique, the  main 
parachute system is kept attached t o  the  SRB f o r  approximately 3 
seconds a f t e r  impact. Thus, the  ac tua l  s i t u a t i o n  is not a free- 
f a l l i n g  SRB, but r a the r  an SRB hanging from the  parachute a s  i t  
h i t s  and penetrates the  water. 

If  the  SRB t i p  (parachute a t t ach  point) accelera tes  downward a f t e r  
the  SRB t a i l  f i r s t  impacts the  water, the  parachute w i l l  r e s t r a i n  
the dounwarcl motion of the  t i p  and reduce its veloci ty  upon slap- 
down. 

Section 2.1.7 describes t h e  e f f e c t  of an attached parachute system 
on the  SRB motion following i n i t i a l  water impact. Results shown 
must be considered approximate, but the  trend is clear that the  
parachute indeed does slow down t h e  t i p  as t h e  SRB plows i n t o  the  
water. 

Comparison of t i p  impact ve loc i t i e s  with and without an attached 
parachute shows t h a t  t h e  parachute w i l l  slow t h e  t i p  down by 
approximately 25% f o r  high values of horizontal  impact veloci ty.  
I f  peak slapdown loads are a function of dynamic pressure, loads 
would be lowered over 40 percent due to  the phrachute. 

These results a r e  f o r  a speci f ic  set of impact conditions, f o r  a 
Vv of 21.4 Js (70 fps) , VH of 15.2 m l s  (50 fps) , and 8 - -0.17 

rad (-10 dzg) . I n  general t h i s  e f f e c t  would be  more pronounced 
for  higher horizontal  impact ve loc i t i e s ,  s ince  t i p  slapdawa ve- 
l o c i t i e s  would tend t o  increcse. 

Test data giving t r a j e c t ~ r y  information fo r  high VH conditions a r e  

scarce a t  present, but addit ional  test result8 as they become 
avai lable  w i l l  shed more l i g h t  on t h i s  subject.  I f  peak slapdown 
loads are a functiosr of the  slapdown veloci ty,  and i f  t h e  slapdown 
veloci ty increases with increasing horizontal  Impact veloci ty,  it 
is possible t h a t  the  e f fec t  of an attached parachute recovery 
system w i l l  indeed be t o  reduce peak slapdown loads on both t h e  
forward s k i r t  and t h e  SRH case. 

More deta i led  analyses of test data, including corre la t ions  of test 
measurements with photographic coverage, is imperative t o  more f u l l y  
understand the  t r a j ec to ry  cha rac te r i s t i c s  of t h e  SRB a s  it penetrates 
the  water. 



4.2.6 Sea S t a t e  Effects  on Slapdown Loads 

Peak loads contained i n  t h i s  report a r e  based upon in terpre ta t ions  
of model test resul t s .  A l l  of these tests have been conducted 
with a calm water surface. Effects  of water amtion have not been 
estimated. 

Figure 4.2-6 shows the general s i t u a t i o n  of an SRB impacting a 
sea s t a t e  5 water surface. The probabil i ty of occurrence of t h i s  
sea s t a t e  is less than 10%. Nominal valuas and expected varia- 
t ions of wave height,  wave shape, wave period, and vave length 
are l i s t ed .  The sketch i l l u s t r a t e s  r e l a t i v e  lengths and distances 
for  nominal sea  s t a t e  5 conditions. a 

Peak loadings occur fo r  the  pft end s t ruc tures  (nozzle, dome, 
skirt) ea r ly  i n  water entry, when only the  a f t  end has been wetted. 
T!tis is the  time of peak r i g i d  body accelerations. These peak 
loadings vere obtained from test data using SRB scale models i m -  
pacting a water surface with no vave slope. Vert ical  wave m t i o n  
e f f e c t s  on i n i t i a l  irPpact conditions a r e  included i n  the  Monte 
Carlo a t t r i t i o n  analyses and have been considered. 

REFERENCE: P+rgnph 18.5. Wmlu Entry and f labwy Conditions. Addsndum m NASA 
TM x m .  ramma ~nviiiomrcnt (aitmw ~uiarins rot USC in $aaa 
Wick -t. 1971 R.ribocl. 2/8/12 

suUIAE5 
1) H = 6.1 m, = 16.7 ft (AVERAGE 

HEIGHT OF THE 1/10 HIGHEST WAVES) 
2) a=03nd(17- -. 
3) 1- 7s(RANGE=414d 
4) L = 51 m (167 ft), RANGE = 

18to#Wm(SBar88Bft) 
5) WAVE HORiZONTAL VELOCITY = 732 d s  

(24 fP) 
6) LONGER WAVES GO WITH HIGHER WAVES 
7 TAN a = x WL (WAVE FORM IS SINUSOIDAL) 

8) ~ = l m f ~ , m  

kL+ 
Zigure 4.2-6 Sea State 5 Wave Conditions 



In a calm sea, the peak a f t  end loads have occurred by the  time 
the a f t  end is completely wetted. (See Figure 4.2-4 for the 
basel ine a f t  end configuration.) The e f fec t  of introducing a wave 
slope a t  impact is t o  increase the amount of time t o  completely 
innerse the a f t  end. For a 0.30-rad (17-deg) wave slope,  about 
30% core tine i s  required. This would probably delay the tine of 
peak loading. Other fac tors ,  such as inpacc angle C and direc t ion  
of the resul tant  impact velocity vector, w i l l  z f f ecr  both the  dis- 
t r ibu t ion  and the t i m e  h i s t o r -  of the pressure loading on the  a f t  
s k i r t  and nozzle. Yagnitudes of these chazges cannot be estimated 
because of the complex in terac t ion  or' water forces with the  s t ruc-  
ture. In tu i t ive ly ,  however, it appears tha t  peak &oads would not  
increase appreciably from calm sea conditions. It is even pos- 
s i b l e  tha t  the peak loading may decrease s l i g h t l y ,  s ince  a longer 
time is required fo r  water t o  completely f i l l  up che i n t e r i o r  
volume of the  a f t  skirt. 

The change i n  wave slope with t h e  and the  water horizontal  aot ion 
may be neglected because of the  shor t  times associated v i t h  peak 
r i g i d  body accelerations. With a v e r t i c a l  ve loci ty  of 21.4 d s  
(70 fps)  , the SRB t r ave l s  l ,32 m (52 in.) i n  0 .O62 seconds. This 
compares with a wave period of 7 seconds associated with a sea 
state 5 condition. 

The SRB case and $orward skirt experience peak loadings during 
e i the r  i n i t i a l  s lapdwa o r  rebound slapdoun, as the  forward 
posi t ion of the  SRB contacts  the  w a t e r  surface while pitching 
over in to  a horizontal  position. Peak loads occur a t  the  leading 
edge of the  case where it plows i n t o  the water. In the  presence 
of waves, the  SRB t i p  could essen t i a l ly  f a l l  f a r the r  before h i t t i a g  
the  water, i f  SRB i n i t i a i  impact was on a wave crest. This 
could r e s u l t  i n  increased slapdawn ve loc i t i e s  and peak loadings. 

Water surface  v e r t i c a l  veloci ty caused by wave motion would a l s o  
a f f e c t  slapdown loads on the  case and forward s k i r t .  

An upward v e r t i c a l  ve loci ty  compon& of the water surface  would 
ef fec t ive ly  increase the  r e l a t i v e  veloci ty of the  SRB case leading 
edge with respect t o  the  water surface. For example, the  sea 
s t a t e  5 design condition spec i f i e s  tha t  the  water surface  rises 
and f a l l s  a t o t a l  of 5.1 rn (16.7 f t j  i n  a sinusoidal  motion, 
with a p x i o d  of 7 seconds. The maximum v e r t i c a l  ve loci ty  under 
these conditions is about 2.3 m / s  (7.5 f ps) . For a r i s ing  water 
surface with t h i s  veloci ty,  the SRB case or forward s k i r t  would 
f e e l  t h i s  addit ional  veloci ty as i t  impacts the  water surface. 



This would tend t o  increase the loading on the  structure.  I f  the 
case pressures were a function of dynamic pressure, calm sea peak 
loads would change as a function of the square of the r a t i o  of 
the velocity including water motion to  velocity not including wave 
motion. Since peak case loads tend t o  occur with i n i t i a l  slapdown, 
and increase with increasing horizontal impact velocity,  tho, e f fec t  
of t h i s  wave motion is variable. The re la t ive  increase i n  loads 
should be less fo r  higher horizontal impact veloci t ies  than with 
lower ones. 01: the other hand, i f  the  water surface is moving 
downward, the  slapdown loads would be lower, again because the 
result ing dynamic pressure on the s t ructure  is lower. 

It should be kept i n  mind that  a sea s t a t e  5 condition has a lw 
probability of occurrence (of the  order of 10%). Also, the  peak 
wave slope of 0.30 rad (17 deg) occurs only with the top 10% high- 
e s t  waves i n  a sea state 5 condition. W e  a re  thus looking a: an 
extrerre water surface condition-one tha t  w i l l  seldom occur. The 
associated increased loads are accordingly loads with a lw pmba- 
b i l i t y  of occurrence. 

4.2.7 Aft End Loads 

Peak loadings fo r  the a f t  dome, a f t  skirt, and nozzle are pr-mented 
i n  Figure 4.2-7. The baseline configuration presmes tha t  t h e  
nozzle extension has been jet t isoned before water impact; how- 
ever, loads a re  shavn f o r  impacts with and withoat the nozzle 
extension. 

The a f t  skirt w i l l  f e e l  only burst ing pressures f o r  l o w  VH values, 

but f o r  cer ta in  eonbinations of VH and VV, both bursting and col- 

lapse 3ressures wil l  be f e l t .  A t  time of these  peak loadings, 
the circumferential d is t r ibut ion is uniform f o r  burst  pressures 
and a cosine d is t r ibut ion over 21-57 rad (290 deg) f o r  the col- 
lapse pressures. Aft dome collapse pressures a re  considered uni- 
form over the e n t i r e  dome structure.  

The equivalent axial load per un i t  length of circumference (N), 
P M 

is defined here oe t h e  araxiatm v b h e  of N = + ~R;C where P 

is the  axial load, H is the  bending moment, and R is the  radius 
of the s t ructure  at  the desired location. The envelope of N is 
shown at two locations: the  a f t  domelnozele junction and t h e  
nozzle extension joint .  
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Aft dome loads a r e  composed of both co l lapse  pressures  ac t ing  
uniformly over its surface,  and the  edge loads imposed by the  
nozzle. For t he  case with no nozzle extension, co l lapse  pressures  
a r e  high and N values low, while f o r  the  case  with r~ozz le  exten- 
s ion ,  co l lapse  pressures-re  low and N values a r e  high. 

Shown with the  load envelopes a r e  the 99% load values.  There a r e  
loads t h a t  w i l l  not be exceeded more than 1% of t h e  time, based 
upon 1000 Monte Carlo cases. 

SRB Case and Forward S k i r t  Loads 

The SRB case experiences s i g n i f i c a n t  loadings a t  th ree  d i s t i n c t  
phases of the  water entry:  a t  peak r i g i d  body acce lera t ion ,  which 
occurs when only the  a f t  end of t h e  SRB has entered the  water;  
at peak submergence; and a t  slapdown, which includes both i n i t i a l  
slapdown and rebound slapdown. Figure 4.2-8 presents  the  peak 
loads f o r  each of these  th ree  conditions.  
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i t  peak r i g i d  body acce le ra t ion ,  t h e  case experiences only i n e r t i a l  
loads i n  the  form of a x i a l  loads and bending mments. The equiv- 
a l e n t  a x i a l  load per  un i t  length of circumference is the  peak 
value f e l t  i n  the  case s t ruc tu re .  It occurs a f t  of t he  cen te r  of 
g r av i ty  of t he  SRB. Loads increase  sharply f o r  high VV values.  

The co l lapse  pressure loads given f o r  the  maximum submergence con- 
d i t i o n  do not include e f f e c t s  of case i n t e r n a l  pressures .  The 
magnitudes of the  i n t e r n a l  pressure a r e  uncertain;  however, pre- 
s en t ly  planned pressure and temperature scaled model tests by NASA 
w i l l  help t o  assess  t h e i r  absolute  values.  Case pos i t i ve  i n t e r n a l  
pressures  would lower the net  co l lapse  pressures  ac t i ng  a t  peak 
submergence. 

I . .  

Case and forward s k i r t  slapdown loads presented a r e  derived from 
model t e s t s .  which imply calm sea  conditions and no parachute a t -  
tached. As discussed i n  Sect ion 4.2.6 and 4.2.7, wave motions 
a r e  expected t o  increase peak slapdown loads,  while the  presence 
of an at tached parachute should lower the  peak slapdown loads.  
The net  e f f e c t  of these two f a c t o r s  is probably a reduct ion i n  
peak values.  Because of a l ack  of quan t i t a t i ve  da t a ,  however, no 
adjustment i n  loads is included i n  t h i s  r epo r t .  

Case slapdown loads a r e  presented i n  terms of peak hoop moment. 
This moment is an equivalent frame bending moment tending t o  
d i s t o r t  t h e  SRB c y l i n d r i c a l  shape ou t  of round. These moments 
were computed using test-measured pressure  d i s t r i b u t i o n s  i n  both 
t h e  a x i a l  and circumferent ia l  direct 'ons .  Sect ion 4.3.5 d iscusses  
i n  g rea t e r  d e t a i l  t h e  generation of hoop moments from pressure  
d i s t r i bu t ions .  Figure 4.2-9 i l l u s t r a t e s  t he  pressure  d i s t r i b u t i o n  
buildups with t i m e  due t o  slapdown. Peak loading is  concentrated 
near the  i n t e r sec t ion  of t h e  water sur face  and t h e  lead ing  edge 
of t he  SRB and extends a x i a l l y  over only one o r  two diameters of 
SRB length. The peak pressure magnitude increases  wi th  time as 
the  SRB pi tches  over i n  t h e  water. The circumferent ia l  wetted 
angle 0 over which the  pressure a c t s ,  increases  from 0 t o  21.57 

M ' 
rad (290 deg) over t he  region of high loading, and i s  about '0.7 
t o  20.9 rad (240 t o  250 deg) a t  the  peak pressure loca t ion .  Loads 
a r e  presented a s  a function of hor izonta l  impact ve loc i ty  s ince  
NASA t e s t  r e s u l t s  t o  da t e  i nd i ca t e  t ha t  slapdown loads do not vary 
s i g n i f i c a n t l y  with v e r t i c a l  impact ve loc i ty  i n  t he  range consid- 
ered. 
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Figure 4.2-9 Slapdown Pressure Peak Moves F o n m d  and 
Increases with Time 

The forward s k i r t  experiences peak loads only during t h e  slapdown 
condition. These a r e  presented i n  Figure 4.2-8 as peak co l lapse  
pressures.  As  with t he  SRB case, these peak pressures  a r e  con- 
s idered independent of v e r t i c a l  impact ve loc i ty  a l s o ,  and in-  
crease with increasing hor izonta l  impact ve loc i ty .  

4.2.9 Loads Summary 

Water impact loads presented i n  t h i s  repor t  have bzan generated 
using da t a  obtainea from 6.5-, 8-, 12.5-, and 120-inch diameter 
Froude scaled models. Tests  have been conducted with ins t ru-  
mented models dropped i n  a f r e e - f a l l  condition i n t o  calm water. 
Instrumented pressure and temperature scaled da t a  a r e  not  ava i l -  
ab l e  a t  t h i s  time, and da t a  on the  current  a f t  end configurat ion 
a r e  not avai lable .  The ex i s t i ng  information, although based on 
a f t  end configurat ions tha t  d i f f e r  from the  cur ren t  SRB basel ine,  
have been s u f f i c i e n t l y  de ta i led  t o  pred ic t  peak loadings on the  
forward s k i r t ,  case, nozzle, a f t  dome, and a f t  s k i r t .  No da t a  
f o r  impact v e l o c i t i e s  grea te r  than 30.5 m / s  (100 fps)  has been 
received. 



C r i t l c a l  loads  a r e  app l ied  t o  the  e n t i r e  a f t  end (nozzle ,  dome, 
s k i r t )  immediately a f t e r  i n i t i a l  impact,  when only  t h e  a f t  end 
has  en te red  t h e  water .  Loads on a l l  t h r e e  s t r u c t u r a l  components 
i n c r e a s e  wi th  i n c r e a s i n g  v e r t i c a l  impact v e l o c i t y .  

C r i t i c a l  loads  on t h e  case  and forward s k i r t  occur dur ing i n i t i a l  
slapdown o r  dur ing rebound slapdown. These peak l o a d s  a r e  highly  
dependent upon va lues  of h o r i z o n t a l  impact v e l o c i t y .  Test d a t a  
t o  d a t e  has i n d i c a t e d  t h a t  t h e s e  peak loads  a r e  e s s e n t i a l l y  in- 
dependent of v e r t i c a l  impact v e l o c i t y .  Th i s  means t h a t  c a s e  and 
forward s k i r t  slapdown loads  a r e  as s e v e r e  a t  low v e r t i c a l  impact 
v e l o c i t i e s  a s  a t  h igh v e r t i : ? l  impact v e l o c i t i e s .  

4 .3  COMPONENT STRENGTH ANALYSIS 

The SRB s t r e n g t h  a n a l y s i s  considered a l l  of t h e  major s t r u c t u r a l  
elements a s  dep ic ted  i n  Figure  4.3-1. S t reng th  p r e d i c t i o n s  a r e  
no t  presented f o r  t h e  nose cone because i t  impacts wi th  t h e  p i l o t  
chute  and no a p p l i c a b l e  impact loads  d a t a  a r e  a v a i l a b l e .  The 
n o z z l e - f i r s t  impact cond i t ion  t h a t  has  been s e l e c t e d  does n o t  
produce c r i t l c a l  loads  on t h e  forward dome, and s i n c e  t h e  cy l in -  
d r i c a l  s e c t i o n  of t h e  forward segment is less c r i t i c a l l y  loaded 
than t h e  case  c e n t e r  segments, n e i t h e r  l o a d s  nor s t r e n g t h  d a t a  
i s  presented f o r  t h i s  component. 

S t a t i s t i c a l  d i s t r i b u t i o n s  a r e  used i n  a l l  o f  t h e  s t r e n g t h  i n p u t s  
t o  t h e  Monte Car lo  a n a l y s i s .  The c a l c u l a t e d  o r  p red ic ted  s t r e n g t h  
va lue  f o r  each s t r u c t u r a l  component corresponds t o  t h e  "A" v a l u e  of 
MIL-HDBK-5B (99% p r o b a b i l i t y ,  95% confidence) un less  o therwise  
noted. A Gaussian (normal) d i s t r i b u t i o n  w a s  assumed f o r  a l l  com- 
ponents; however, d i f f e r e n t  c o e f f i c i e n t s  of v a r i a t i o n  of s t r e n g t h  
(C ) were used. CVS is equal  t o  t h e  one sigma s t r e n g t h  dev ia t ion  

VS 
divided by t h e  mean s t r e n g t h .  Based on Martin Mar ie t t a  r e l i a b i l i t y  
work, a c o e f f i c i e n t  of v a r i a t i o n  of s t r e n g t h  of 0.10 was used f o r  
a l l  s t r u c t u r e s  except t h e  c a s e  c e n t e r  segments where a  v a l u e  of 
0.06 was used. Typical  s t a t i s t i c a l  d i s t r i b v t i o n s  a r e  shown i n  
F igure  4.3-2. It can b e  %?en t h a t  f a i l u r e  p r o b a b i l i t i e s  a r e  
r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  s e l e c t e d  va lue  of CVS when f a i l u r e  
p r o b a b i l i t i e s  a r e  low. 
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AFT DOME 
AND SEGMENT 1 
AFT SKIRT 

NOZZLE AND 
EXTENSION 

*NOT IPXLUDED DUE TO NONCRlTlCALlTY 
OF WATER IMPACT LOADS 

Figure 4.3-1 A 2  Z Major Structural Elements Included 
i n  the Monte Car10 Analysis 
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Figure 4.3-2 S t a t i s t i c a l  S t reng th  Distributions Appl i ed  to Each S t r u c t u r a t  
Element 



The bas i s  f o r  s trength calculat ions and associated f a i l u r e  proba- 
b i l i t i e s  is  given i n  the  following paragraphs f o r  the  forward 
s k i r t ,  the a f t  s k i r t ,  the  a f t  dome, the  nozzle, and t: e case center  
segments. When adequate d e t a i l  was included i n  the  basel ine pro- 
vided by the  NASA, these da ta  were used. In  other  instaticas 
previous MMC analys is  r e s u l t s  were applied. 

4.3.1 Forward Sk i r t  

The forward s k i r t  bas ic  s t ruc tu re  is designed f o r  boost loads in- 
cluding the  forward react ion th rus t  load t o  the  external  tank. 
Longerons, stepped skin thicknesses, and tapered s t r i n g e r  areas are 
used t o  l ag  the  load in to  the  SRB case. Relatively l a rge  end 
bulkheads take out  end react ions  t h a t  r e s u l t  from the  th rus t  load 
red i sx ibu t ion ,  and a l s o  reac t  the  staging motor loads. No sig-  
n i f i can t  s t r u c t u r a l  beefup t o  t h i s  s k i r t  is required t o  reac t  the  
parachlte  opening shock Loads. 

Preliminary design curves (Fig. 4.3-3) were used t o  evaluate slap- 
down pressures md determine basel ine s t r i n g e r  and frame s t rength  
capab i l i t i e s  and weight increases required f o r  o the r  strengLh 
levels .  The curves are used by entering with t h e  a c t u a l  frame 
spacing and reading the  s t r inger  o r  frame weight value f o r  the  
applicable height. This weight has a s t rength  allowable of 
345,000 ~ l r n ~  (50 ps i )  collapse, and any other  weight has a 
proportionate s trength allowable. 

During water impact, the  forward skirt is critical f o r  slapdowa 
pressures. The circumferential d i s t r ibu t ion  is general ly of a 
cosine shape over a 1.57-rad (90-deg) f u l l  included angle. The 
slapdown pressures a r e  bas ica l ly  independent of v e r t i c a l  impact 
velocity. The pressure load is beamed by the s t r i n g e r s  t o  the  
f r a m s  and bulkheads where i t  is circumferentially redis t r ibuted  
and sheared a f t  along the  SRB. The s t r inger s  were analyzed zs 
simply supported Seams a t  the  frames. The frames w e r e  considered 
as f r e e  frames with a VQ/I shearing react ion (same i n t e r n a l  mo- 
ments as using uniform circumferential i n e r t i a l  r e l i e f ) .  Str ingers 
designed f o r  bas ic  f l i g h t  loads show f a i l u r e  - r o b a b i l i t i e s  of less 
than 1% f o r  the  s l a p d m  pressures. The c r i t i c a l  design load f o r  
the  intermediate frames occurs during slapdown. The basel ine de- 
s ign which was used and the  required frame weight t o  achieve vari-  
ous probabi l i t ies  of f a i l u r e  a r e  shown i n  Figure 4.3-4 f o r  two 
d i f fe ren t  frame heights.  An average frame spacing of 0.635 m 
(25 in.)  was used. 
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4.3.2 Aft Sk i r t  

The a f t  s k i r t  basic s t ruc tu re  is designed primarily t o  support 
the t o t a l  Shut t le  system i n  the  launch mode on four longerons. 
Str ingers,  stepped skin thickness, end bulkheads, and intermediate 
frames a r e  used t o  r ed i s t r ibu te  the concentrated longeron loads. 
The frames a l so  serve t o  reac t  staging rocket loads. The base- 
l i n e  design is of steel construction and is s h m  schematically 
i n  Figure 4.3-5. 

During i n i t i a l  water impact, the a f t  s k i r t  can be c r i t i c a l l y  
loaded by e i t h e r  burs t  o r  collapse pressure, depending on the re- 
su l t an t  velocity vector. Since the f i n a l  sk in  thickness w i l l  
vary with locat ion,  the  probabil i ty of f a i l u r e  for  burs t  pressure 
was evaluated as a function of skin thickness and the  r e su l t s  a r e  
shown i n  Figure 4.3-6. For all v e r t i c a l  ve loc i t i e s  b e l w  39.6 m/s 
(130 fps) ,  the f a i l u r e  probabil i ty is law i f  a steel skin  thick- 
ness of 0.00356 m (0.14 in.)  o r  greater  is used. The basel ine 
skin thickness of 0.0051 m (0.2 in.) w i l l  therefore r e su l t  i n  a 
f a i lu re  probabil i ty w e l l  below 12. The collapse pressure load- 
ing on the frames is of a cosine shape with a 3.14-rad (180-deg) 
included angle. The weight of intermediate frames t o  achieve 
various f a i l u r e  probabi l i t ies  is a l s o  s h a m  i n  Figure 4.3-6. A 
0.152 m (6 in.) frame depth was used f o r  the  weight calculat ions.  
The basel ine frame weight of 45G kg (1000 lb )  is adequate t o  with- 
stand the  water impact loads. The s t r inger s  desigaed f o r  prelaunch 
loads w i l l  exhibi t  f a i l u r e  probabi l i t ies  of less than 1% f o r  water 
impact loads ; theref ore, weighr versus f a i l u r e  probabil i ty calcu- 
l a t ions  were not performed. 

The basel ine frame design may require modification t o  withstand 
out-of-plane loading on the  frame web. Because the  frame con- 
f igurat ion w a s  not included i n  the  water impact tests, a good 
pressure de f in i t ion  f o r  t h i s  loading is not  avai lable.  We would 
expect some pressure increase above values measured f o r  the  COW 

partment burs t  pressure. 

4.3.3 Aft Dame 

The aft dome is desigried f o r  case in te rna l  pressures and loads 
from the  nozzle. For the  basel ine MEOP of 6,210,000 N / I R ~  

(900 ps i ) ,  a dome thickness or' 0.00635 m (0.25 in.) is adequate. 
The c r i t i c a l  water impact loads are a function of whether the  
nozzle extension is on a t  ilppact; i f  it is, the  dome is c r i t i c a l l y  
loaded by a running a x i a l  load from the nozzle around the  gimbal 
joint .  I f  the  extension is je t t i soned before impact, the  dome 
is c r i t i c a l l y  loaded by collapse pressure. The analysis  f o r  these 
two loadings used applicable NASA-MSFC r e s u l t s  f o r  varying R / t  
values. The recolaeaded values fo r  y (correlat ion fac tor)  were 
wed. The resu l t an t  allawables are presented i n  Figure 4.3-7. . 
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The a f t  dome f a i l u r e  probabi l i t ies  a re  shown i n  Figure 4.3-8 f o r  
the c r i t i c a l  loading conditions as dictated by the  presence o r  
absence of the nozzle extension. The collapse pressure is maxi- 
mum i f  the nozzle extension has been jet t isoned and r e s u l t s  i n  
100% f a i l u r e  probabi l i t ies  f o r  the basel ine configuration f o r  
ve r t i ca l  ve loc i t i e s  of approximately 21.3 m / s  (70 fps) and greater .  
The weight penal t ies  t o  reduce the f a i l u r e  probabi l i t ies  a r e  
shown. With the extension i n  place a t  impact, the running a x i a l  
load, N, becomes the  c r i t i c a l  loading. The weight penal t ies  t o  
reduce f a i l u r e  probabi l i t ies  a r e  somewhat grea ter  than those 
associated with the  no-extension impact condition. 

A preliminary design concept t o  protec t  the  a f t  dome from high 
collapse pressure is shown i n  Figure 4.3-9. The weight penalty 
t o  the  a f t  s k i r t  associated with t h i s  design concept is expected 
t o  be less than 227 kg (500 lb )  fo r  i m p ~ c t  ve loc i t i e s  up t o  38.1 m / s  
(125 fps).  There is a l so  a buil t - in advantage i n  not having t o  
design the  motor case a f t  dome f o r  water impact loads because 
the  a f t  s k i r t  design d e t a i l s  a r e  not a s  c r i t i c a l  from a schedule 
standpoint . 
4.3.4 Nozzle and Extension 

The nozzle and extension s t ruc tu re  a r e  c r i t i c a l l y  loaded by 
equivalent a x i a l  loads a t  impact. With the  extension i n  place, 
the  design a x i a l  s trength l eve l  a t  the separation j o i n t  must be 
increased s ign i f i cau t ly  t o  reduce f a i l u r e  p robab i l i t i e s  f o r  the  
larger  values of v e r t i c a l  impact ve loc i t i e s ,  a s  shown i n  Figure 
4-3-10. 

The design strengths of the  nozzle gimbal jo in t  tha t  must be 
achieved t o  minimize the  f a i l u r e  p robab i l i t i e s  are shorn i n  
Figure 4.3-11. With the  extension removed, the  bas ic  design 
strength of the  gimbal j o i n t  appears t o  b e  adequate. I f  the  
extension were not jet t isoned,  the  loads a t  the  gimbal jo in t  
would increase by an order of magnitude and would e i t h e r  require 
s ign i f i can t  s t r u c t u r a l  beefup o r  r e s u l t  i n  a f a i l u r e  and a "loose" 
piece of s t ruc tu re  i n  the  a f t  compartment tha t  could produce un- 
controlled damage. The strength requirements f o r  hoop loadings 
caused by burs t  pressure were not evaluated, but  probably a r e  a l s o  
c r i t i c a l .  

4.3.5 Case Center Segments 

Extensive strength evaluation of the  case center segments has been 
conducted, analy t ica l ly  and through s t a t i c  tes t ing .  The bas ic  ap- 
proach of t h i s  study was to  use the  s t a t i c  test r e s u l t s  t o  predic t  
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,1.8 METERS, 
(71 in.) 

I 
I 

0.61 METER (24 in.) DEEP 
FRAME ACTS AS BAFFLE 

FLEXIBLE HEAT 
SHIELD 

Fig- 4.3-9 Aft Dome Protector. BaffZe Concept 
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t h e  y i e l d  s t r e n g t h  of t h e  120-inch case  ( s t a t i c  t e s t  specimen) 
f o r  t h e  loads  t h a t  were app l ied ,  and through use of proper f a c t o r s  
t o  r a t i o  these  r e s u l t s  t o  ~ b t a i n  s t rer lg ths  f o r  t h e  142-inch case  
and i t s  p a r t i c u l a r  c r i t i c a l  loading cond i t ion .  

The c r i t i c a l  loading condi t ion occurs  dur ing ~ l a p d o w n  when a  
c i rcumferen t ia l ly  varying p ressure  wave propagates  forward a long 
t h e  case .  The 120-inch s t a t i c  t e s t  case  was loade8 wi th  some- 
what s i m i l a r  p r e s s u r e  load d i s t r i b u t i o n s  during four  load cases  
(A  through D ) .  Cosine varying c i r c u m f e r e n t i a l  d i s t r i b u t i o n s  were 
used wi th  an included angle  varying from 0.52 t o  2 .1  rad  (30 t o  
120 deg) i n  the  l o n g i t u d i n a l  di.-ectiolt ( see  Fig .  4.3-12). Reac- 
t i o n s  were accomplished wi th  s t r d p s  applying m i f o r m  circumferen- 
t i a l  r e a c t i o n s  over a  2 .1  rad  (120-deg) included angle .  Condi- 
t i o n  A loaded up t h e  forward h a l f  l eng th  of t h e  case ;  Condit ion 
B ,  the  middle one-half;  and Condition C ,  t h e  a f t  one-half .  Condi- 
t i o n  D was a  much more l o c a l i z e d  loading over a  l eng th  of 2 .22  m 
(87.5 i n . )  versus  10.6 m (417.6 i n . )  f o r  Condit ions A ,  B ,  and C. 
The 100% t a r g e t  l o l d  f o r  Condit ions A ,  B ,  a r d  C was 2,050,000 N 
(460,000 l b )  and f o r  C o n d i t i m  D i t  was 479,000 N (107,500 l b )  . 
A l l  four  s t a t i c  test cond i t ions  on t h e  case  were conducted nn t h e  
same specimen. Loading cond i t ions  were c u t  o f f  a t  varying per- 
centages  of t h e  t a r g e t  loading t o  preclude y i e l d i n g  d u r i t g  any of 
t h e  t e s t s .  A c a l c u l a t i o n  of t h e  t o t a l  load c e l l  r ead ings  a?plying 
the  p i e s s u r e  loading was used t o  determine t h e  c o r r e c t  t e s t  cu to f f  
percentage va lues  s i n c e  t h e  nominal va lues  were somewhat i n  e r r o r .  
S t r e s s e s  and d e f l e c t i c n s  vere p l o t t e d  which showed t h e  d e f i n i t e  
nonl inear  n a t u r e  of t h e  hoop bending f a i l u r e  mode. The maximum 
hoop s t r e s s e s  were p l o t t e d  f o r  t h e  four  loading cond i t ions  and 
cx t rapc la ted  t o  an  F of 1,240,000,000 film2 (180,000 p s i )  t o  

t Y  
p r e d i c t  t h e  al!.owable- y i e l d  load f o r  each loading cond i t ion  
(Fig. 4.3-13). The s t a t i c  t e s t  specimen was most l i k e l y  of aver-  
age th ickness ,  and t h e  s t r e n g t h  e x t r a p o l a t i o n  was done t o  a  99% 
va lue  of F 

t v *  
The r e s u l t i n r  a l lowable  l o a d s  were es t imated t o  b e  

80% p r o b a b i i i t y  va lues  (approximately t h e  average s t r e n g t h  minus 
one sigma dev ia t ion) .  

The hoop tend ing  moments i n  t t e  c a s e  s t a t i c  t e s t  were higher  than 
would r e s u l t  dur ing an  a c t u a l  slapdown f o r  t h e  same app l ied  pres- 
s u r e s  because of t h e  method of r e a c t i n g  t h e  load.  Analysis  showed 
t h a t  i f  a  VQ/I shear  r e a c t i o n  could have been used i n  t h e  s t a t i c  
t e s t ,  approximately 30% g r e a t e r  l o a d s  would have been requ i red  t o  
produce t h e  same r e s u l t a n t  s t r e s s  l e v e l .  Th i s  f a c t o r  of 1 . 3  was 
used t o  r a t i o  t h e  s t a t i c  t e s t  r e s u l t s  up t o  o b t a i n  a l l o m b l e s  f o r  
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the 142-inch case. The baseline case was sized for  D6AC s t ee l  
with an Ftu = 1,345,000,000 t4/m2 (195.000 psi)  using an MEOP of 

6,210,000 ~ / m ~  (960 psi)  and an ultimate factor of safety of 1.4 
(see Fig. 4.3-14). A clevis jo int  strength (for hoop bending 
loads) equivalent t o  that  of the 120-inch s t a t i c  t e s t  specimen 
was assumed. The re la t ive  hoop bending strength between the 142- 
inch case and the 120-inch s t a t i c  t e s t  specimen is proportional 
to  the thickness r a t i o  squared and fnversely proportional to the 
radius rat io.  The neL effect ,  considering these two ra t ios ,  is 
a strength increase factor of 1.35 between the 142-inch case 
and the 120-inch t e s t  specimen. 

Since the case s t a t i c  t e s t  conditions had a varying included 
angle fo r  the applied pressure load, a means of evaluating the 
effect  needed to  be determined. The method selected was to  f i r s t  
plot  allowable running load along the loaded length; then the 
running load was aarltiplied by the radius and the m e n t  coef- 
f i c ien t  corresponding to the included angle a t  each s ta t ion  to  
obtain an a l l w a b l e  r m i n g  hoop croment. The streagth increase 
factors of 1.3 (reactior.3) and 1.35 ( t 2 / ~ )  were included. In 
order to  compare the allowable running hoop moment with the pre- 
dicted running hoop moment, it was necessary to  derive some co9- 
mon loading shape parameter since the longitudinal distr ibutions 
were significantly different. It was decided that  the best  con- 
parative method was to  use an average running hoop w a n t  fo r  a 
f i n i t e  loading length. 

Test Condition D represented one point on the allovable curve 
77,500 mN/m (17,400 in.-lblin.) and a loading length of 2.22 m 
(87.5 in.). A 5.08 m (200 in.) loading length a t  the forward end 
of load Condition C gave an average allowable hoop mment of 
44,500 mN/m (10,000 in.lb/in.); s imilarly a 7.62 m (300 in.) 
loading length from Condition B gave an allowable hoop aoment of 
41,400 mNfm (9300 in.-lbfin.) . A curve was drawn through these 
three points (see Pig. 4.3-15) . 
The predicted case slapdawn pressure loads a t  three different 
times were evaluated t o  detercine which was wst c r i t i c a l .  The 
running load was converted t o  running hoop mment by the same 
method that  was used f o r  the allowables, and the c r i t i c a l  time was 
determined to  be t p .  Several diff  ereat  loading lengths and 
associated average running hoop moments were checked for  th i s  con- 
di t ion and a length of 4.45 m (175 in.) gave the largest  probability 
of fa i lu re  prediction. '"he a n r a g e  momant fo r  a 4.45 m (175 In.) 
loading length and 18.3-m/s (60 fps) horizontal velocity is 
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59,700 mN/m (13,400 in.-lblin.) as shown i n  Figure 4.3-16. The 
value for  other horizontal velocitiur is proportional to  the cor- 
responding peak pressures. The allavable average moment taken from 
Figure 4.3-15 for  a 4.45 m (175 in.) loading length is 49,000 
mN/m (11,000 in.-lblin.) . 
The case center segment fa i lu re  mode is qui te  nonlinear; there- 
fore, it w a s  considered appropriate t o  reduce the CVS v:tlue from 

0.10 t o  0.06. Using th i s  value of h, a 3% fa i lu re  probability 

resulted for  the 0.01205 m (0.475 in.) baseline case thickness 
corresponding to  an MEOP of 6,210,000 N/m2 (900 psi) .  Increasing 
the nominal case wall thickness t o  0.014 m (0.55 in.) reduces'the 
fa i lu re  probability to  0.3% and corresponds to  an HWlP of 7,200,000 
N/m2 (1,045 psi). The probability of fa i lu re  is plotted versus 
the case thickness i n  Figure 4.3-17. 

The other ttro loading conditions on the case center segments that  
w e r e  evaluated were peak submergence and peak body acceleration. 
The a l lwab le  hydrostatic buckling pressure was determined using 
a correlation factor of 0.75 and a segmented allowable pressure 
equal to  1.2 times a momlithic allowable. The allowable for  
peak body accelerations was determined neglecting the frame effect  
of the segmented joints  and using a correlation factor of 0.52 
fo r  an R l t  value of 150. The f a i l c - - -  probabil i t ies for  peak body 
acceleration a r e  shown i n  Figure 4 .  7. The fa i lu re  probability 
fo r  peak s~bmrgence was approximat j 0.3% for a ver t i ca l  impact 
velocity of 39.6 m/s (130 fps). 

4.3.6 SRB Strength Analysis Uncertainties 

Some of the s t ructural  elements were found to  be considerably 
understrength fo r  the baseline configuration. Table 4.3-1 gives 
the weight penalties required t o  achieve a design corresponding 
to  1% fa i lu re  probability, which represents a near minimum cost 
approach. The wdght penalties associated with designing t o  
1.25 times the 99% probable loads a re  a lso presented for  cam- 
parison. The calculated associated fa i lu re  probability is ap- 
proximately 0.01%. The case center segmnt weight increase per- 
mits an increase to 6,650,000 -;/fa2 (965 psi)  MEOP and is, there- 
fore, a t  least par t ia l ly  compensated for  by increased p e r f o m c e .  
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The three  areas tha t  a r e  considered t o  involve the  most un- 
cer ta in ty  are: 

1)  The weight penalty tha t  w i l l  r e s u l t  when s t ruc tu re  is de- 
signed to  water impact loads can be minimized by considering 
them during preliminary design. More deta i led  s t r u c t u r a l  
descript ions of the  basel ine a r e  required t o  make a good 
prediction of the  addi t ional  weight required. 

2) The e f fec t  of the  water impact loads on the  nozzle and gimbal 
jo in t  is  very sens i t ive  t o  the  SRM contractor design. The 
f a i l u r e  probabil i ty fo r  varying design strength l eve l s  should 
be evaluated fur ther  t o  s e l e c t  the  optimum design value. 

3) Because of the  importance of achieving a high CP' .: survivabi l i ty  
r a t e ,  addit ional  comparison of s t a t i c  t e s t  resa-  3 ant! ?TAGS 
analysis  r e su l t s  is warranted. The l a t e s t  s l  Awn pre. - 
sure shapes should be ccnsidered together wit. .he p o s s i b i l i t y  
of e{ther designing t o  higher MEOP o r  adding frames t o  the  
case design. 



5.0 PRELIMINARY DESIGN CONCEPTS AND CONSIDERATIONS 

This sec t ion  presents  t h e  base l ine  design concept t h a t  was se lec ted  
t o  s a t i s f y  recovery requirements a t  minimum program cos t .  It 
includes descr ip t ion  of t h e  sequence of events associated with 
chute deployment and subsequent water impact, s t r u c t c r a l  arrange- 
ment of t he  basel ine,  a l t e r n a t i v e  concepts t h a t  were considered, 
and the  mass proper t ies  t h a t  were used i n  t h e  study. F lo ta t ion  
cha rac t e r i s t i c s  a r e  a l s o  discussed. 

5.1 BASELINE SYSTPI SELECTION AND RATIONALE 

The base l ine  recovery system includes a 7.62-m (25-ft) diameter 
p i l o t  chute weighing approximately 32 kg (70 l b )  and a 43.2-m 
(132-ft) diameter main chute weighing approximately 908 kg (2000 It). 
Both chutes a r e  of 0.35 rad (20 deg) conica l  ribbon construct ion 
with a drag coe f f i c i en t  of The system was s ized  t o  give 
a v e r t i c a l  impact ve loc i ty  of 38.1 m l s  (125 fps)  using an 

SRB weight of 68,000 kg (150,000 l b )  . This v e r t i c a l  impact 
ve loc i ty  corresponds t o  minimum t o t a l  program cos t .  This r e l a -  
t i v e l y  high optimum Vm results primari ly  because the  recovery 

system cos t  is s i g n i f i c a n t l y  less f o r  increased V values.  Mini- TD 
mum cos t  is a l s o  cons is ten t  with low component f a i l u r e  probabi l i ty .  
It is less expensive t o  increase  t h e  s t rength  of SRB components 
f o r  higher VTD values than t o  increase  t h e  s i z e  and/or number of 

chtites, providing case  redesign is not  required. 

A s i n g l e  main chute provides a recovery system with good r e l i a -  
b i l i t y ,  which is cons is ten t  with our premise t h a t  t he  recovery 
system sbould be simple t o  keep c o s t s  down and r e l i a b l e  t o  mini- 
mize t h e  number of new SRB components t h a t  must be manufactured. 
The only j u s t i f i c a t i o n  seen a t  t h i s  time f o r  using a more complex 
system, such as a hybrid, is l a c k  of confidence i n  t he  da t a  ava i l -  
ab l e  o r  a reluctance t o  s t rengthen SRB components. 



5.2 BASELINE SEQUENCE OF EVENTS 

A t  time of deployment of the  p i l o t  chute,  t he  SRB is  trimmed a t  
1.74 + 0.17 rad (100 + 10 deg) and is  a t  an a l t i t u d e  of 2290 m (7500 
f t ) ,  and a lkch  number of 0.35, which r e s u l t s  i n  a dynamic pressure 
of 6570 ~ / m ~  (137 lb/f t 2 ) .  The nose cap is ejected with three  pyro- 
t h r u s t e r s  t h a t  provided s u f f i c i e n t  impluse t o  deploy the p i l o t  
chute. The f u l l  i n f l a t i o n  time of t he  p i l c t  chute is 3.1 seconds. 
This event and subsequent s teps  i n  t he  deployment sequence a r e  
depicted i n  Figure 5.2-1. 

The explosive separat ion nuts  a t tach ing  the  forward frustum a r e  
f i r e d  7.1 seconds a f t e r  the  nose cap is  ejected.  A t  t h i s  time, 
t he  SRB is a t  an a l t i t u d e  of 2070 m (6790 f t )  and a Mach number 
of 0.34, which corresponds t o  a dynamic pressure of 6480 ~ / m *  
(135 l b / f t 2 ) .  The chute reaches i ts reefed in f l a t ed  condition 
4.15 seconds l a t e r  and produces a peak loading of 1.85 g on the  
SRB. A t  t h i s  time the  nose cap, frustum, and p i l o t  chute combi- 
nat ion moves f r e e  of t h e  SRB and main chute because the re  is no 
t i e  between t h e  two combinations. Disreef ing occur3 2.95 seconds 
l a t e r  a t  an a l t i t u d e  of 1360 m (4455 f t )  and a Mach number of 
0.25, which corresponds t o  a dynamic pressure of 3840 PJ/m2 (80 
l b / f t 2 ) .  The f u l l  i n f l a t i o n  of t h e  main chute, 4.6 seconds l a t e r ,  
produces a peak loading of 1.8 g on t h e  SRB. Water impact of t h e  
SRB with main chute at tached occurs approximately 26 seconds a f t e r  
f u l l  i n f l a t i o n  a t  a v e r t i c a l  ve loc i ty  of 38.1 m / s  (325 fps ) .  The 
chutes a r e  disconnected 2.9 seconds a f t e r  impact. The nose cap, 
p i l o t .  chute, and frustum combination impacts t he  water a t  17.2 m / s  
(56.5 fps)  and is recovered separately.  

5.3 BASELINE GEWERAL ARRANGZMWT 

The packaging concept and design d e t a i l s  of t h e  re Jvery system 
a r e  shown i n  Figure 5.3-1. The nose cone is fabricated i n  tibree 
sect ions:  nose cap, f w a r d  frustum, and a f t  frustum. The o ther  
primary structural compments a r e  t he  swivel and the  in t e rna l  
conical  s t r u c t u r e  t o  which i t  is at tached,  



NOSE CAP WITH PILOT CHUTE 
EJECTED BY PYRO-THRUSTERS 

CONE FRUSTUM RELEASED 
DURING INFLATION OF 
PILOT CHUTE 

P PILOT CHUTE DRAGS 
CONE FRUSTUM TO 
LINE STRETCH 

PILOT STRIPS FRUSTUM 
FROM MAIN CHUTE BAG 
AND SEPARATES FROM 
MAIN PARACHUTE 

PILOT A 
IMPACT 

'UM 
E LY 

FULLY INFLATED 
MA;N CHUTE AND 
SRB DESCEND AND 
IMPACT AT 38.1 m k  ' 
(125 fpr) 1 

P 

Figure 5.2-1 Deployment Sequence 









Our baseline design ccacept includes a swivel t o  accept r o l l  r a t e s  
a s  high as 1.74 radls  (100 degls) a t  deployment. With the low de- 
ployment a l t i t u d e  and high impact velocity wc have selected, the 
requirer.lent for  a swivel to  reduce susgension Line wrap-up is some- 
what weak. Vith a r c l l  r a t e  of 1.74 radls  (lo@ degls) and 40- 
second time span f rca  deployment t o  inlpact , a maximum of 11 revolu- 
t ions between t l r  SRC and the parachute is expected. The opinions 
of experts i n  , e parachute community a r e  tha t  the suspension l i n e s  
could eas i ly  accommodate a wrap-up of up t o  30 revolutions a f t e r  
peak loads have , sen  experienced. 

The other function of the swivel, t ha t  of asscring the  parachute 
loads a re  transmitted through the suspension l i n e  attachment i n  the 
d i rec t ion  fb r  maximum strength,  perhaps can be accomplished with a 
universal j o i n t  arrangement as shown i n  FI y r e  5.3-2. This approach 
would not be feas ib le  i f  maximum loads must be transmitted through 
a complete 1.57 rad (90 deg) d i rec t ion  change. Examination of de- 
ployment dynamic analysis  of Section 2,  shows tha t  the angle between 
the parachute force vector and the  SRB center  l i n e  is less than 0.78 
rad (45 deg) before the  load reaches 1 g. The long time required 
for  the  large s ing le  main parachute t o  i n f l a t e  contributed t o  t h i s  
resul t .  I f  t h i s  trend holds for  fur ther  dynamic analysis  f o r  dis-  
persed conditions, the  requirement for  the  swivel may vanish. A 
weight reduction of approximately 91 kg (200 lb)  and a t o t a l  program 
cost reduction i n  the  order of one million dol lars  is estimated. 
W e  recommend fur ther  evaluation of simpler low-cost a l te rnat ives  t o  
the  swivel, but do not feel the  analysis  has progressed su f f i c i en t ly  
t o  jus t i fy  cylanging the current  baseline. 

Figwe 5.3-2 P08.7Cbk Un$versaZ JoCnt 
~t tochment  



The nose cap separation joint  is at Station 225. A retaining bag 
supports a pi lot  chute oe the suepension l ines  a t r i p  out. The 
fon.ard frustun is released a t  Station 331 before the  p i l o t  chute 
opening shock load of 143,000 N (32,000 lb) .  This load is applied 
to  the forward end of the forward frustum at 1.57 + 0.17 tad (96 2 
10 deg) to  the vehicle reference center l ine .  A t  Station 331 the  
separation joint is designed to provide a rotation guide for  the 
forward frustum for 1.57 red (90 deg) of rotation. The swivel and 
backup conical structure a re  designed for  1.85 g l i m i t  on the t o t a l  
SRB. The f i t t i n g  tying the main chute l i ne s  t o  the forward end of 
the swivel is designed to  internally disccnnect when the separation 
nuts on the tension bolt  a re  f ired.  

Recovery packages a r e  s h o ~  for  both the  p i l o t  chute and main 
chute systems. These packages include f lo ta t ion  bags and beacon 
transmi :ters. A l i ne r  is provided in the forward f rust- fo r  
chute protection. The f o m r d  frame of the  aft fn r s t t n  is de- 
signed to  be smooth t o  preclude damage t o  the  parrin chute andlor 
suspension lines. 

5.4 ALTERNATIVE CONCBPTS 
i 

The baseline coucept described in Section 5.3 ham been chosen 
because it is the amst feastble system considering such factors 
as simplicity, re l i ab i l i ty ,  cost, and applicabil i ty.  Acceptable 
al ternatives that  exis t  fo r  many operations within the TD&D phase 
a r e  we of a drogue parachute, an additional p i lo t  parachute, 
multiple main parachutes, and a 'tybrid recovery system (parachutes 
and retrorocketa). 

5.4.1 Drogue 

A drogue chute may be erslyloyed t o  ro ta te  the SRB i r t o  a ver t i ca l  
position to  simplify the deployment of t he  main parachute(8). 
The concept and deployment sequence fa slmllar i n  systems with 
and without a drogue chute. I f  the drogue chute is wed, the  
p i lo t  chute w i l l  be much smaller and the  mfaiwraa a l t i tude  t o  
i n i t i a t e  the  sequence is higher. The p i lo t  ch5te is again de- 
ploycd with the  nose cap, using pyro-thrusters. A small cone 
f r u s t m  containing the drogue chute i a  releured. After the  
drogue inf latee,  rotating the SRB, tha reminder of the f rueturn 
(containing the main chutes) is released and deployed by the  
drogue. 

P 



One of the  problems of t h i s  concept is s i z ing  the  drogue t o  be 
large  enough t o  ro ta te  the  SRB t o  a near nozzle-f irs t  a t t i t u d e  
without allowinq a l a rge  q buildup, but small enough t o  avoid 
excessive r e l a t i v e  veloci ty between the  chutes and SRB during 
main deployment. The drogue and cone frustum would be recovered 
separately from t h e  SRB. 

The primary a ~ ~ a n t a g e s  of using a drogue chute a r e  tha t  deployment 
from high a may be simplif ied because the  components being deployed 
a t  t h i s  time a r e  smaller, and it  o f f e r s  the  potent ia l  of higher q 
deployment. The disaevantages are addit ional  complexity, lower 
r e l i a b i l i t y ,  and increased weight f o r  low q deployment. A small 
drogue actual ly increases deployment q f o r  main chutes and the  
SRB tends t o  r o t a t e  back t o  high a during t h e  t ransfer  from drogue 
t o  main chute .:)peration. 

Figure 5.4-1 shows t h e  arrangenent of the  recovery system i n  the  
nose of the  SRB both with and vi thout  a drogue concept. An 
a l t e rna t ive  concept using three  main parachutes is i l l u s t r a t e d .  
Swivels a r e  shown in  these  designs because analyses have predicted 
r o l l  r a t e s  a s  high as 1.74 rad/s  (100 degls) ar time of parachute 
deployment. The system with the  drogue wequired two swivels, both 
of which a r e  recovered. 

5.4.2 P i lo t  Chute Deployment 

Many a l t e rna t ive  methods of p i l o t  chute deployment are available. 
Figure 5.4-2 shows t h e  basel ine concept and two typica l  f eas ib le  
a l te rnat ives .  The sketches are shown f o r  d i r e c t  deployment of 
t h e  maill chutes, but the  concepts a r e  s imi lar  i f  a drogue is 
employed. 

The basel ine concept, using a pyro-thrusted nose cap, is a simple, 
l ightweight system th t  allows all  components t o  be recovered 
with t h e  main chutes (or drogue i f  used). Axial deployment of 
the  p i l o t  using a mortar prskes use of extensive experience i n  
design and applicat ion of ~or tar -deployed systems. A small por- 
t i o n  of the  nose is expendable when using t h i s  syntem. A more 
streamwise deployneat of the  p i l o t  would be  achievzd bv prov+.ding 
r o l l  s t a b i l i t y  t o  t h e  SRB and mounting t h e  pportar a t  an angle. 
In t h i s  case, only a mall mortar cover would be expended. The 
primary concerns with t h i s  approach- involve t h e  modification of 
the  SRB t o  provide r o l l  s r a b i l i t y ,  which does not appear t o  be 
required f o r  any other  reusot. 



HlGH a ENTRY; TERMINAL VELOCITY * 24.4 mrr (80 fpr) 
(3 MAINS CONCEPT SHOWN) 

SWIVEL WlVEL 

a ADDITIONAL STAGE 4DDS COMPLEXITY, LOWER RELIABILITY 
i DROGUE ADDS WEIGHT AT LOW DEPLOYMENT q 

SMALL DROGUE, < 152 m (50 ft) INCREAScS q FCR MAIN DEPLOYMENT 
SRB TENUS TO RETURN TO HlGH a WHEN CROGUE RELEASED 
DROGUE MAY SIMPLIFY DEPLOYMENT FROM HlGH a 

DROGUE BUYS INSURANCE IF DEPLOYMENT q UNCERTAIN 

Figure 5.4-1 Concept More Canp?ex If Drogus Needed 
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5.4.3 Multiple Parachutes 

The concept of a s ing le  40.2- (132-ft) diameter main parachute 
has been chose- t o  obtain meximum r e l i a b i l i t y .  This diameter is 
near the  upper l imi t  of present day chute designs. However, the  
use of multiple chutes, which is equally feas ib le ,  reduces the  
required diameter of the  chutes t o  values w e l l  within the  s t a t e  
of the  a r t .  For example, the  use of th ree  main chutes reduces 
the  required chute diameter t o  24.1 m (79 f t ) .  Packaging of 
mult iple chutes presents no problem v i t h  the  exis t ing  space 
envelope of the  SRB nose. 

5.4.4 Hybrid Recovery Sys tern 

The most r e a l i s t i c  a l t e rna t ive  t o  the  basel ine recovery concept 
is a combined parachutelretrorocket recovery system. Figure 
5.4-3 shows the  sequence of the  hybrid system from r e t r o f i r e  t o  
water impact. The TDiD sequence before t h i s  point is s imi lar  t o  
the  all-parachute system described earlier. The typica i  system 
shown uses a s ing le  38.4- (126-f t main parachute which resu l t s  
in a descent veloci ty of 41.5 m/s (136 fps)  . TM retromotors 
with 2;; thrust-to-weight r a t i o  (T/W) of 3 are f i r e d  f o r  0.8 second 
when the  base of the  SRB is 27.4 n (90 f t )  above t h e  water. This 
provides a 15.2 d s  (50 fps)  veloci ty reduction and r e s u l t s  i n  a 
water impact veloci ty of 26.2 d s  (86 fps).  A var ie ty  of combi- 
nations of parachute diameters and retrorocket s i z e s  may be 
employed t o  give any desired impact veloci ty.  

The hybrid system adds comphcity i n  t h e  form of a radar a l t imeter ,  
power supply f o r  f i r i n g  and r e t r w t o r s ,  and t h e  addit ion of a 
s tep  i n  the  sequence. It does allow lower Impact ve loc i t i e s  [cost 
crossover is  a t  27.4 m / s  (90 fps) 1 and t h e  poss ib i l i ty  of using a 
s ingle  main parachute, which tends t o  improve t h e  system r e l i a b i l i t y .  
By allowing higher parachute descent ve locl t iee ,  t h e  r e t r o  system 
tends t o  reduce the  requirement f o r  a drogue. Thus, t h e  retm 
-stem allows f l e x i b i l i t y  t o  accoamodate unforeseen changes i n  
requirements fo r  both impact veloci ty and deployment dynamic 
pressure. 



MAIN CHUTE DEPLOYMENT 
SAME AS ALL CHUTE SYSTEM 

ONE 38.4 m (126 ft) 
DIAMETER MAIN 
CHUTE 

RETRO FIRE 

IMPACT 
v = 26.2 m/s (86 fps) 

F i g u r e  5.4-3 Hybrid System Sequence Same as AZZ-Parachute System 
to  Retrofire 



5.5 RECOVERY SYSTEM WEIGHTS 

The base l ine  recovery system described i? Sections 5.1 and 5.3 i s  
l i g h t e r  than t h e  recover.? system ~ h i c h  was included i n  t h e  NASA- 
providei set of base l ine  weights , primari ly  because t h e  bas d i n e  
terminal descent ve loc i t )  is  now g rea t e r  than t h a t  o r ig ina l ly  
envisioned. Table 5.5-1 presents  t h e  weight sumnary 
m / s  (125 f p s )  basel ine recovery system, 

f o r  t h e  38.1 

Table 6.5-1 Baseline Recovery Sys tern Weight8 

AVIONICS 

ELECTRICAL 

ORDNANCE 

PILOT CHUTE INSTALLATION 

MAIN CHUTE INSTALLATION 

RETRIEVAL PACKAGES 

TOTAL 

:I LOGRAMS (POUNDS) 

The impact / f lotat ion sequence is a complex dynamic and t h e m 1  
t r ans i en t  problem. A de t a i l ed  ana lys is  is  beyond t h e  scope of 
t h i s  study. The f i n a l  f l o t a t i o n  a t t i t u d e  and t h e  behavior of 
t h e  SRB between impact and equilibrium a r e  funct ions of con- 
f igura t ion ,  horizontal  and v e r t i c a l  ve loc i ty  a t  impact, a t t i t u d e ,  
and thermal e f f ec t s .  We have post . la t 'ed various events,  performed 
s impl i f ied  ana lys is  of p a r t s  of t h e  ;roblem, and ca lcu la ted  s t a t i c  
s t a b i l i t y  poin ts  t o  def ir.e probable f l o t a t i o n  c h a r a c t e r i ~ r l c s  and 
trends. Additional s c a l e  model t e s t i n g  including therma. e f f e c t s  
and wave motion, and more sophis t ica ted  analytf c a l  ana lys i s  com- 
bining s t age  dynamics, thermal, and thermodynam;~ e f f e c t s  on f lo-  
t a t i o n  a r e  required t o  ve r i fy  the t rends presented, 



Basic F lo ta t ion  Charac ter i s t ics  

The most l i k e l y  sequence of events is i l l u s t r a t e d  i n  Figure 5.6-1. 
When the  s tage  impacts i t  w i l l  p a r t i a l l y  submerge and begiu t o  
p i tch  over. The depth of penetrat ion and a t t i t u d e  h is tory  a r e  
functions of impact ve loc i ty ,  horizontal  ve loc i ty ,  and impact 
angle. A t  maximum submergence, excess buoyancy w i l l  i n i t i a t e  a 
rebound act ion.  A s  t h e  s tage rebounds and p i tches  over, t h e  
nozzle w i l l  move c lose r  t o  t he  water surface,  and t h e  water t h a t  
has entered the  SRB w i l l  move away from the  nozzle, permitting 
pa r t  of t h e  contained gas t o  escape. This reduction of t h e  
volume of trapped gas w i l l  reduce the  i n t e r n a l  pressure and w i l l  
allow addi t iona l  water t o  en ter .  In  turn ,  buoyancy is  reduced 
and the  center  of buoyancy moves forward, increasing the  moments 
tending t o  r e tu rn  t h e  s t age  t o  t h e  nozzle-dobm di rec t ion .  De- 
pending on the  remaining gas content ,  the  s t age  w i l l  assume a 
s t a b l e  l og  mode o r  v e r t i c a l  pos i t ion .  

For the  basel ine SRB configurat ion several  f l o t a t i o n  modes a r e  
possible.  The f l o t a t i o n  height ,  f o r  the  v e r t i c a l .  f l o t a t i o n  mode, 
is presented i n  Figure 5.6-2 as a funct ion of the  amount of a i r  
trapped i n  t h e  SRB. This curve shows t h a t  i f  t h e  s t age  were 
placed i n  a calm sea  i n  a v e r t i c a l  a t t i t u d e  and allowed t o  reach 
equilibrium with t h e  maximum amour~t of a i r  [419.5 kg (925 lb )  ] on 
board, it would f l o a t  with 18.3 rn (60 it) submerged, and with 
21.3 m (70 f t )  of t h e  SRB above water. This is an unstable  con- 
d i t i on ,  however, because t h e  center  of grav i ty  is s l i g h t l y  a b w e  
the  center  of buoyancy. If t h e  pir trapped is 2% l e s s  than t h e  
maximum (because of venting o r  cooldown), a v e r t i c a l  s t a b l e  mode 
ex i s t s .  It is v i r t u a l l y  impossible t o  reach t h i s  condition, 
however, because t h e  vehic le  w i l l  p i t ch  over before equilibrium 
can be rea l ized .  
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I f  t h e  s tage  were placed horCzontally on a calm see with no water 
s h i ~ p e d ,  i t  would f l o a t  with a s l : ~ i t l y  nozzle-down trim angle 
with about 0.076 m (3 i n . )  of Ereebosrd a t  the nozzle t h r o a t .  I f  
a s  much a s  2.8 m' (100 i t 3 )  of water is  sb.ipped, t he  freeboard 
w i l l  disappear,  and addit!-nal water w i l l  en t e r  the  s t age .  Be- 
c a v e  of t he  nozzle-down a t t i t u d e  and the  l cca t ion  of t h e  cen te r  
of g rav i ty ,  t he  water en t ry  w i l l  cause r o t a t i o n  ( n  the  nozzle- 
down d i r ec t i on .  This process w i l l  continue u n t i l  approximately 
88.5 m 3  (3126 f t  3, of water has en te red ,  trapping 329.8 kg (727 
l b )  of  a i r  (1 x m  a t  25°C o r  77OF). The s tage w i l l  then f l o a t  
i n  a s t a b l e  log  1. -2 a t t i t u d e  with t h e  nozzle submerged, pre- 
ven t i rg  fu r the r  displacement of t h e  trapped a i r .  I f  t h e  s t age  
r o t a t e s  tow--d t he  v e r t i c a l ,  t h e  i n t e r n a l  pressure increases  
because of t n e  g rea t e r  submergence of t h e  l iq~i!--?as i n t e r f ace .  
This r e s u l t s  i t1  : corr,?ression of t h e  gas ,  en t ry  of rwre water, 
reduction i n  i~uoyancy and s h i f t i n g  forward of t h e  cec t e r  of 
buorancy. Thus, f o r  some quan t i t i e s  of trapped a i r ,  t h e  s tage  
w i l l  be s t a b l e  i n  t he  l og  mode, but i f  ro ta ted  s u f f i c i e n t l y ,  t h e  
cen te r  of buoyancy w i l l  move pas t  the center  of g rav i ty  i l r  t h e  
s t age  w i l l  go t o  a s t a b l e  v e r t i c a l  a t t i t u d e .  When more than 
123.5 ri3 (4350 f t 3 )  of water has been shipped, ( l e s s  than 298.5 
kg (658 l b )  of a i r  trapped) the cen te r  of buoyancy is fsrward of 
t h e  cen t e r  of g rav i ty  f o r  a l l  a t t i t u d e s  a: 1 t h e  l og  m d e  is not 
possible .  

Af te r  r o t a t i o n  t o  v e r t i c a l  fo r  t h i s  case  t h i s  SRB w i l l  f l o a t  with 
about 13.7 m (45 f t )  above t h e  sur face  and 26 m (85 f t )  below. 
More than 18.3 m (60 i t )  of t h e  SRB is  not l i k e l y  t o  be exposed 
rtnder any circumstances. A minimum trapped as content of a b ~ u t  9 38.5 kg (217 l b )  af a i l ,  o r  80.5 m3 (2845 f t  ) a t  1 atmospitsre, 
is required f o r  f l o t a t i on .  Thus, i f  more than 291.7 m3 (10,300 
f t 7 )  of water is shi?pert, t h e  SRB w i l l  s ink .  

I f  a t  impact 10 m 3  (350 f t 3 )  of water en t e r s  the  SRB and s loshes  
forward t a p i ~ A y  enough t o  s h i f t  t h e  c .g. ahead of the  c .  b . ,  a 
s t a b l e  nozzle-up a t t i t u d e  :s poss ib le .  As more water i s  taken 
on-board i n  t h i s  manner, t h e  SRB assumes a more nozzle-up a tLi tude  
unc i l  a f t e r  1 9 . 6  m3 (5600 f t 3 )  of water is shipped, t he  vehic le  
is i n  a v e r t i c a l  a t t i t v d e .  This f l -o ta t ion  mode is very un l ike ly  
s ince  I t  would requi re  p rec i s e  t iming of water en t r?  and s t age  
a t t i t u d e ,  combined with proper i n e r t i a  and sea s t a t e  t o  c r e a t e  
and sus t a in  t h i s  a t t i t u d e ,  Thus, we have not £:lither considered 
a nozzle-up a t t i t u d e  a s  a f ea s ib l e  f l o t a t i o n  mode. 



5.6.2 Thermal E f f e c t s  on F l o t a t i o n  -- ----- - 
The f i n a i  gas volume is  s t r o n g l y  dependent on t h e  i n t e r n a l  tempera- 
t u r e  a t  impact. Since t h e  contained a i r  is a t  1 atmosphere j u s t  
before  splashdown, its mass w i l l  vary i n v e r s e l y  wi th  its a b s o l u t e  
te-perature .  The f i n a l  temperature w i l l  be t h a t  o f  t h e  s e a  wa te r ,  
a d  t h i s  w i l l  c o n t r o l  t h e  f i n a l  dens i ty  and vol-e of t % e  trapped 
a i r .  Thus, a higher i n i t i a l  temperature r e s u l t s  i n  a smal le r  
trapped a i r  volume. I f  t h e  i n t e r n a l  s u r f a c e  temperature is  above 
100°C (212*F), steam w i l l  be generated as water  e n t e r s  t h e  SRB 
case .  This w i l l  i nc rease  t h e  t o t a l  gas volume and p ressure ,  and 
r e s u l t  i n  a g r e a t e r  l o s s  of gas  at  p i t chover .  ilnce t h e  SRB has  
s e t t l e d  i n t o  a s t a b l e  nozzle-down p o s i t i o n ,  t h e  a i r  and c a s e  w i l l  
come i n t o  therma, equi- ibr ium with  t h e  s e a  and t h e  steam w i l l  
condense. Wnile t h e  y a n t i t y  of water vaporized d i r e c t l y  a f f e c t s  
t h e  volume of gas l o s t ,  t h e  d i s t r i b u t i o n  of t h e  a i r  and steam and 
t h e  temperature o f  t h e  mixture a r e  a l s o  important f a c t o r s  i n  
determining how much air  is l o s t .  Because t h e  a i r  is denser ,  
t h e r e  w i l l  be a tendency f o r  s t r a t i f i c a t i o n  t o  occur ,  wi th  t h e  
s t e a m  a i w e  t h e  a i r .  Since t h e  p i t chover  occurs  wi th in  about 1 0  
second ' f t e r  impact, however, it  is more l i k e l y  t h a t  t h e  steam- 
a i r  d: : r i b u t  ion w i l l  depend on where t h e  steam is generated and 
on t h e  mixing f o r c e s  p resen t .  The assumption o f  t o t a l  s t r a t i f i -  
c a t i o n  would be t h e  worst  case ,  r e s u l t i n g  i n  only a i r  being l o s t  
a t  p i tchover .  

Generation of steam i n c r e a s e s  t h e  t o t a l  gas volume and p r e s s u r e  
and a c t s  t o  resist t h e  e n t r y  o f  water  i n t o  t h e  s t a g e ,  the reby  
inc reas ing  buoyancy. This increased buoyancy w i l l  a f f e c t  t h e  
submergence and rebound c h a r a c t e r i s t i c s  of t h e  s t a g e .  A s i m p l i f i e d  
one-dimensional a n a l y s i s  (without p i t chover )  was performed t o  
e v a l u a t e  t h i s  e f f e c t .  Comparison o f  c a s e s  wi th  maximum steam 
volume and wi th  no steam generated i n d i c a t e d  t h a t  no s i g n i f i c a n t  
change i n  i n i t i a l  submergence depth o r  frequency r e s u l t e d  from 
t h e  steam. The i n i t i a l  rebound he igh t  was increased less than 
10%. F igure  5.6-3 presen t s  a t y p i c a l  r e s u l t  o f  t h i s  a n a l y s i s .  
Since  t h e  S98 w i l l  p i t c h  over dur ing  t h e  f i r s t  cyc le ,  on ly  t h i s  
por t ion  is a p p l i c a b l e  f o r  r e a l i s t i c  SRB impact. 

The SRB i n t e r n a l  temperature a t  impact w i l l  be determined by aero- 
dynamic hea t ing  o r  coo l ing  of t h e  o u t e r  s u r f a c e ,  heat  t r a n s f e r  from 
t h e  i n t e r i o r  through t h e  i n s u l a t i o n  t o  t h e  c a s e ,  r a d i a n t  h e a t  t r a n s -  
f e r  through t h e  nozz le  and, by coo l ing  r e s u l t i n g  from b r e a t h i n g  o r  
c i r c u l a t i o n  of ambient a i r  i n t o  t h e  case .  Of g r e a t e r  importance, 
however, a r e  t h e  temperature p r o f i l e s  e x i s t i n g  a t  s o l i d  rocket  
burnout,  t h e  amount o f  i n s u l a t i o n  t h a t  has been eroded, and t h e  
th ickness  of t h e  char .  A s  t h e  remaining i n s u l a t i o n  th ickness  is 
increased,  t h e  t e m p e r a t u ~ e s  and s t o r e d  hea t  a t  splashdown i n c r e a s e  
because most of t h e  hea t  t o  be d i s s i p a t e d  must be t r a n s f e r r e d  
through t h e  i n s u l a t i o n .  
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Resul ts  of an ana lys i s  conducted by Thiokol and reported i n  an 
i n t e rna l  memorandum* have been used as t h e  d e f i n i t i o n  of a worst 
case  model of t h e  SRB case  and nozzle. The temperature e r o f i l e  
predicted for  t h e  case c ros s  s ec t i on  i n  t h i s  reference is pre- 
sented i n  Figure 5.6-4. It is noted tha t  the  i n t e r i o r  sur face  
temperature of 293OC (560°F) r e f l e c t s  an o r i g i n a l  insu la t ion  
thickness of 35.5 w (1.4 i n . ) ,  with approximately 7.6 mm (0.3 
in.) eroded. In  cont ras t ,  a previous t i a r t in  Mariet ta  ana lys i s ,  
depicted i n  Figure 5.6-5 assumed an  i n i t i a l  i n su l a t i on  thickness  
of 6.35 m (0.25 in . ) ,  with a f i n a l  char  depth of  3.37 mn (0.1325 
in.) and no erosion. This ana lys i s  predicted an i n t e rna l  tempera- 
t u r e  a t  impact of approximately 129°C (26S°F). 

Using t h e  Thiokol model a s  t he  worst case  temperature d i s t r i b u t i o n ,  
we conducted an ana lys i s  t o  determine t h e  rate of steam generation. 
Since steam generation is highly dependent on t h e  manner i n  which 
the  hot insu la t ion  sur face  is wetted, i t  is f i r s t  necessary t o  
i nves t i ga t e  t h e  mechanisms causing t h i s  wetting. On impact, a 
l imited quant i ty  of water may e n t e r  through t h e  nozzle a t  very 
high v e l o c i t i e s  t o  c r e a t e  a water spout e f f e c t .  We have not  
analyzed t h i s  mechanism i n  d e t a i l  t o  pred ic t  water flow rates o r  
d i s t r i bu t ion :  however, simple ca l cu l a t i ons  show t h a t  v e r t i c a l  
v e l o c i t i e s  of severa l  hundred f e e t  per second are possible .  This 
value is s u f f i c i e n t  t o  cause wet t ing within approximately the  
f i r s t  one-half second a t  a l l  l e v e l s  wishin t h e  s t a g e  i n t e r i o r .  
NASA movies taken i n s i d e  a 3-m (120-in.) SRB during drop tests 
show t h e  occurrence of t h i s  phenomenon. 

The quant i ty  and d i s t r i b u t i o n  of t h e  water en t e r ing  at impact a r e  
very dependent on hor izonta l  ve loc i ty ,  s t a g e  a t t i t u d e ,  and the  
v e r t i c a l  Izpact  veloci ty .  Deviation from a x i a l  symmetry probably 
r e s u l t s  i n  aonsymmetric wet t ing of t h e  i n t e r i o r  and some reduct ion 
i n  t h e  rise height of t h e  waterspout and volume of water involved. 
However, because of t h e  energy ava i lab le ,  it is expected t h a t  t h e  
primary high ve loc i ty  flow a t  impact r e s u l t s  i n  t h e  formation of 
a m i s t  o r  spray t h a t  general ly  covers a r ea s  no t  otherwise f u l l y  
wetted. 

I f  t he  sur face  is extremely h o ~  and only small d rop le t s  of water 
impinge, it is probable t h t  these  d rop le t s  w i l l  be repe l led  by 
steam generated at the  i n s t an t  of contact .  For more continuous 
streams of l i qu id ,  t h e  ?na lys i s  would i nd i ca t e  t h a t  t he  sur face  
would be s ign i f i can t ly  cooled within t h e  f i r s t  second, and would 
be wetted with an unseparated f i l m  of water. 

7 

*Del Mecham, Thiokol/Wasatch Division, I n t e r o f f i c e  Memo 2814-72-117; 
An Analysis to Deternine the Amount. of Water Boiled by a Space 
ShuttZe B008ter af ter  Water hpact  . October 5, 1972. 
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Once the  upward momentum is d iss ipa ted  and the  water has at tached 
t o  t he  wall a s  a fi lm, it w i l l  then begin draining along tne  
surface.  Resul ts  of an ana lys is  of laminar drainage of a water 
f i l m  on a v e r t i c a l  surface a r e  given i n  Figure 5.6-6. This 
ana lys is  shows tha t  a t  a point  3 m (10 it) below t h e  top  of t h e  
wetted a rea ,  a th ick  f i lm 1.6 m (1/16 i n . )  o r  more, d ra ins  more 
rapidly than a much thinner  fi lm. A l aye r  of water on the  order  
of 0.15 mrn (0.006 in.)  th ick  is s t a b l e  within the  f i r s t  ten 
seconds and does not reduce a t  t he  comparison point  u n t i l  nearly 
17 seconds. 

Independently of t he  i n i t i a l  waterspout mode of wetting a t  impact, 
water w i l l  flow i n t o  the  s tage  a s  i t  submerges, flooding and 
rap id ly  cooling t h e  lower surface.  Steam w i l l  be formed i n  these  
a reas  only up t o  t h e  time of submergence. The lower region w i l l  
a l s o  be well washed by drainage from above. 

To predic t  steam generation r a t e s ,  we performed one-dimensional 
t r ans i en t  analyses f o r  var ious poin ts  and conditions.  Our model 
considered a s  nodes p a r a l l e l  l aye r s  of water and in su la t i cn  (and/ 
o r  char) ,  backed by the  s t e e l  case. The node thicknesses  were 
made very small [on the  order of 0.025 t o  0.075 rmn (0.001 t o  
0.003 i n . ) ]  a t  t he  bo i l i ng  in t e r f ace ,  and were increased i n  e i t h e r  
d i r ec t ion  away from t h i s  i n t e r f ace .  Heat t r a n s f e r  i n  the  l i q u i d  
was assumed t o  be by conduction only with no mixing e f f ec t s .  
Means was provided i n  t he  computer i t e r a t i o n  f o r  decreasing t h e  
water f i lm thickness i n  accordance with predicted draining r a t e s .  
No predic t ion  of t h e  tendency f o r  steam t o  car ry  o f f  water drop- 
l e t s  was attempted, and the  water remained on the  wall  u n t i l  i t  
had e i t h e r  drained away o r  evaporated. Nucleate o r  f i lm  boi l ing  
heat  t r ans fe r  coe f i i c i en t s ,  depending on t h e  node temperatures, 
were applied at the  boi l ing  i n t e r f a c e  along with r ad i an t  heat 
t r ans fe r .  The f i r s t  water node was constrained t o  a maximum 
temperature of 100°C (212*F), and n e t  heat  t r a n s f e r  t o  t h i s  node 
a f t e r  i t  reached t h e  boi l ing  point  was assumed t o  r e s u l t  i n  
evaporation. 

A t yp i ca l  r e s u l t  is p lo t ted  i n  Figure 5.6-7 f o r  an i n i t i a l  surface 
temperature of 293OC (560°F) and an i n i t i a l  f i lm  thickness  of 
1.6 mn (1116 in.)  extending 3 m (10 f t )  above t h e  point  examined. 
i n  t h i s  case,  s ign i f i can t  vaporizat ion a i d  not start u n t i l  the  
bulk of t h e  water had drained away. For much higher i n i t i a l  sur-  
face  temperatures, and f o r  mater ia l s  with a much higher thermal 
conductivity such a s  metals,  bo i l ing  would start almost i n s t a n t l y  
regardless  of the  amount of water present.  These da t a  a l so  show 
the  r e s u l t  f o r  an i n i t i a l  water f i lm  thickness of 0.15 nun (0.006 
in.  ) with a negl ig ib le  drainage r a t e .  Clear ly t h i s  condition 
produces a grea te r  quant i ty  of steam. 



FILM THICKNESS 

CURVE INITIAL THICKNESS 
A 5.09 mm (02 in.) 
B 1.52 mm (0.06 in.) 
C 0.76 mm (0.03 in.) 

RESULTS ARE FOR A POINT 3.05 m 
(10 h) BELOW TOP OF LAYER AT t = 0 

10 
TIME, s 

Figure 5.6-6 Increased I n i t i a l  Water F i l m  Thicknee6 D r a i i a  More Rapidly  from F l a t  DZatc 
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Figure 5.6-7 Thick Waeer Film Retards Steam Generation 



To p r e d i c t  the  maximum volume of steam p o s s i b l e  wi th  t h e  Thiokol 
temperature  p r o f i l e ,  t h e  e n t i r e  inner  s u r f a c e  was assumed t o  be 
wetted wi th  a  0.15 mm (0.006 i n . )  f i l m  of water a t  impact. No 
d ra inage  was allowed and t h e  f lood ing  of t h e  lower s u r f a c e  of  t h e  
case  was neg lec ted .  No steam was assumed t o  be genera ted by t h e  
nozzle ,  however, because i t  is submerged very r a p i d l y .  A more 
probable  assumption f o r  water  d i s t r i b u t i o n  is given' i n  Table 5.6-1. 
F igure  5.6-8 compares t h e  t o t a l  steam volunes f o r  t h e s e  two cases .  
C l e a r l y ,  many o t h e r  w e t t i n g  assumptions could be made wi th  equal  
j u s t i f i c a t i o n .  I f  p i t chover  is considered,  much o f  zone 3  w i l l  
be drenched be fore  a  s i g n i f i c a n t  amount of steam is generated.  
The purpose of Table 5.6-1 is t o  p o s t u l a t e  a more reasonable ,  but 
s t i l l  conse rva t ive ,  w e t t i n g  model r a t h e r  than  t o  assume worst  
case  cond i t ions .  Since  ven t ing  w i l l  probably start b e f o r e  5 
seconds,  much o f  t h e  steam generated a f t e r  t h i s  t i m e  may escape 
r a t h e r  than  d i s p l a c e  t h e  t rapped a i r .  

The nozz le ,  w i t h  p r e d i c t e d  temperatures  of 870 t o  1250°C (1600 t o  
2200°F) w i l l  g e n e r a t e  a s  much a s  1 . 8  m3/m2 (6 f t 3 / f t 2 )  of steam 
dur ing  t h e  f i r s t  10  seconds.  However, t h e  nozz le  w i l l  b e  t o t a l l y  
submerged f o r  e s s e n t i a l l y  t h e  e n t i r e  pe r iod  except  b r i e f l y  a t  
p i tchover .  The high i n i t i a l  water  v e l o c i t y  r e l a t i v e  t o  t h e  nozz le  
w i l l  probably coo l  t h e  s u r f a c e  more r a p i d l y  than  p red ic ted  by t h e  
a n a l y s i s .  To evaluace  t h e  c o n t r i b u t i o n  of t h i s  steam o r i g i n a t i n g  
under water  a t  25°C (77'F), a n  a n a l y s i s  of t h e  s u r v i v a l  of steam 
bubbles was undertaken.  It is  concluded from t h i s  a n a l y s i s  t h a t  
bubbles  of 50-mm (2-in.) d iameter  o r  l e s s  w i l l  have co l l apsed  t o  
l e s s  than 0.1% of t h e i r  o r i g i n a l  volume b e f o r e  r i s i n g  200 mrn (8 
i n . )  i n  25'C (77°F) wa te r .  The h e a t  l i b e r a t e d  by t h i s  reconden- 
s a t i o n  i s  only  s u f f i c i e n t  t o  r a i s e  t h e  temperature  of a  0.3-m 
( l - i t )  l a y e r  of wa te r  about 2.2'C (4'F) dur ing  t h e  i n i t i a l  10- 
second per iod.  I t  is, t h e r e f o r e ,  concluded t h a t  t h e  nozz le  con- 
t r i b u t i o n  t o  t o t a l  s team volume can b e  neg lec ted .  

Using t h e s e  f i n a l  r e s u l t s ,  a ir  volumes were p red ic ted .  The s t a g e  
was assumed t o  p i t c h  over  and ven t  s u f f i c i e n t  gas  t o  r a i s e  t h e  
water  l e v e l  t o  t h e  t o p  of  t h e  nozzle  and t o  reduce t h e  i n t e r n a l  
p r e s s u r e  t o  approximately 7000 ~ / m ~  ( 1  p s i g )  . T o t a l  s t r a t  i f  i c a t i o n  
of t h e  steam and a i r  was assumed, s o  t h a t  only  a i r  was discharged.  
I n  a d d i t i o n ,  t h e  a i r  was assumed t o  have remained a t  i t s  o r i g i n a l  
temperature  of 293°C (560°F) dur ing  ven t ing .  
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For t h e  maximum steam c a s e ,  130 .2  kg (221 Lb) o f  a i r  remained,  
( \:cupyin 157.6 m '  (5567 f t ' )  .-it 1 .07  atnh ( I S . ?  p s i a )  o r  81.0 m: 9 (2892 f t  ) a t  25°C ( 7 7 ° F )  2nd I atm. Thus, ~ i t h  c o n r o u a d i n ~  a f  
worst  c a s e  c o n d i t i o n s ,  t h e  t r apped  a i r  s l i g h t l y  exceeds  t h e  
98.5 kg (217 l b )  o r  80.5 I?' ( 2 5 4 5  f t ' )  a t  1 a t n  required f o r  
f l o t a t i o n .  Using t h e  more proba'. . . le t t ing ass\!npt i o r s  o f  Table  
5.6-1, but a p p l y i n g  t h e  c o n s e r v a t i v e  a i r  t e ~ p r r o t u r e  and st r a t i -  
f i c a t i o n  assumpt ions  f o r  v e n t i n g ,  133.8 kg (295 I1.j O F  a i r  o r  
109.5  m3 (3867 f t ? )  a t  ! a t n  rer :ained.  h i s  i s  '362 S r e a t e r  t han  
t h e  minimum requirec! Eor 171.3 t a t i c n  bilr . ;~ lhs t an t i a l l : ;  i2elow t h e  
2 9 8 . 5  kg (658 l b )  needed f d r  l o g  mode. ",, is,  :i!e SKB is expected  
t o  f l o a t  i n  t h e  v e r t i c a l  :lode, but: c o  ~i : lave a s  l i t t l e  3s 6.1 m 
(20 f t )  above t h e  wa te r  su r face  and 33.5 n (110 E t )  below. 

5.7 RECOVERY ENV IROMIENTN, ANALYSIS 

The SRT3 expe r i ences  f o u r  envi ronmenta l  f l i g ! ~ t  phases durlnp, t h e  
Space S h u t t l e  miss ion:  l i f - o f f  and a s c e n t ,  s e p a r a t i o n  from ex- 
t e r n a l  t ank ,  r e e n t r y  and pa rachu te  deploy?ient ,  and water  impact .  
Cons ider ing  t h e  t o t d l  mi s s ion ,  t h e r e  does  pot  e x i s t  a s i n g l e  
c r i t i c a l  pe r iod  f o r  a l l  environment;  { ~ c o u s t i c ,  v i h r a t i o n ,  shock,  
t h e r m a l ) .  The peak c o n d i t i o n s  f o r  :he l r a r i o u s  environments occur  
i n  d i f f e r e n t  f l i g h t  phases .  

The component environmental  a n a l y s i s  was performed us ing  the  
equipment l is t  and equipment l o c a t i c i l s  of t h e  ?;ASA/RI b a s e l i n e  
recovery  s y s  t e m .  The shock environment of some components o f  
t h i s  l a y o u t  is considered e x c e s s i v e l y  hip,h because  o f  t h e i r  
proximi ty  t o  py ro techn ic  d e v i c e s .  These h i p h  shock a r e a s  can  be 
avoided by moving t h e  components a  s u £ i i c i e n L  d i s t a n c e  from t h e  
shock sou rce  (F igu re  5.7-1) . 
The environments p re sen ted  i n  Tab le  5.7-1 were developed f c  
recovery  equipment,  based on d a t a  obta inkd Ere,, ti le T i t a n  i 
Viking programs and t h e  e x t e r n a l  tailk p roposa l  e f f o r t .  Thc 
i n fo rma t ion  from 1 4  T i t a n  f l i g h t s ,  c o ~ ~ l s t i n g  of more t h a n  t, 
d a t a  channe l s ,  was a d j u s t e d  t o  t h e  c u r r e n t  SRB b a s e l i n e  d e s i g n ,  
p rov id ing  t h e  b a s i s  f o r  e s t i m a t  i n s  t h e  v i b r a t i o n  and a c o u s t i c  
envirotrments. The shock environment i n  t h e  a r e a  of  t h e  forw,rd 
s k i r t  and nose  cone was developed from t h e  Vikinp, py ro techn ic  
t e s t i n g ,  T i t a n  payload s e p a r a t i o n ,  and SRM s e p a r a t i o n  tests.  
To t h i s  b a s e l i n e  was added the  envi ronmenta l  l e v e l  developed i n  
t h e  e x t e r n a l  t a n k  p roposa l  and p re sen ted  f o r  t h e  SRB i n  NASA 
document SP-ET-0002A, Volume I .  F i n a l l y  , t h e  s e p a r a t i o n  v ib ra -  
t i o n  p r e d i c t i o n s  were based on r e s u l t s  of ground t e s t  f i r i n g  of  
small s o l i d  r o c k e t  motors  t h a t  induce  v i b r a t i o n  caused by t h r u s t  
v a r i a t i o n .  



- - - - -. . . . - . - - -- 

ENVIRONMENT 
LOCATIONS 

ACOUSTICS (DBOAL) 
NOSE CONE 
FORWARD SKIRT 
AFT SKIRT 
NOZZLE 

VIBRATION (GRMS) 
NOSE CONE 
FORWARD SKIRT 
AFT SKIRT 
NOZZLE 

SHOCK (g)* 
NOSE CONE 
FORWARD SKIRT 
AFT SKIRT 

TEMPERATURE "C (OF: 

NOSE CONE 
FORWARD SKIRT 
AFT SKIRT 
CASE 
INSULATION 

MISSION-I - . - 

LAUNCH -- 

159 
157 - 
166 
169 

32.0 
21 .o 
37 .O 
33 .O 

N A 

82(180) 
104(220) 
l77(35O) 
49(120) 
27(80) 

IASES - 
SRB SEPARATION . . 

2,000 Peak 
1,800 Peak 
12,000 Peak 

--- 
1400 
--- 
--- 

N A 

25 g amplitude 
140 millisec 
Half sine pulse 

104(220) 
149 (300) 

*High peak shock loads are dependent on distance from source; these values will decrease 
dramatically with distance (Figure 5.6-1 ). 

* 
PEAK 4x10 

-- 1- , -- 
0 1 2 m 

JISTANCE FROM SOURCE 

Figure 5.7-1 Shock Attenuation Curve 



The e f f e c t  of t h e ~ e  ena i ronnen ts  on coinponent s e l e c t i o n  o r  des ign  
is b e s t  understood by comparison t o  previous t e s t  l e v e l s .  Our 
exper ience and t e s t  l e v e l s ,  a s  w e l l  a s  t h a t  of o t h e r  aerospace 
companies, w i l l  be used a s  a referc-ce.  Ie T i t a n  boos te r  uses  
t e s t  v i b r a t i o n  l e v e l s  i n  t h e  40 t o  50 g :-s range f o r  e l e c t r o n i c s  
i n  t h e  equipment t r u s s e s  and tank domes a r e a s .  The e x t e r n a l  tank 
s tudy dencns t ra ted  t h a t  off-t!~e-shelf  hardware is  a v a i l a b l e  a t  t h e  
44.5 grxs  l e v e l  t o  meet SRB recovery systems requirements.  Viking 
shock tests i n  t h e  la3 were as high a s  12,000 g, wi th  BLDT exper i -  
encing a 4000 g shock. The l a b o r a t o r y  test va lues  a r e  u s u a l l y  
higher  than experience3 i n  development nr q u A l i f t c a t i o n  t e s t s .  
Tes t ing  a t  t h e  2500 g l e v e l  f o r  T i t a n  s e p a r a t i o n  shocks and motor 
f i r i n g  t e s t s  has  no t  r e s u l t e d  i n  any environmentally induced 
f a i l u r e s  . 
The environmental d a t a  presented represen t  - .ximum expected va lues  
f o r  t h e  3ASA/RI b a s e l i n e  recovery system. Time d i d  n o t  perinit a 
complete e v a l u a t i o n  of component environments f o r  our recovery 
b a s e l i n e ,  but  t h e  high shock g i d e n t i f i e d  i n  Table 5.7-1 was con- 
s ide red  vhen l o c a t i n g  e l e c t r o n i c  components. The ane 'ys is  seems 
t o  confirm a b i l i t y  t o  use  equipment w i t h i n  che 2urrefi t  technology 
f o r  t h e  expected SRB recovery environments. 



6.1 APPROACH 

The primary ingredient  of the concept evaluat ion and s e l e c t i o n  
s tud i e s  is the S i U  system cos t  analyses.  It is i n  the cos t  analyses  
t ha t  the  various technica l ly  f ea s ib l e  recovery system concepts .ad 
SRB modifications a r e  traded one aga ins t  another t o  determine the 
optimum system. I n  our s tud i e s ,  both DDT&E and production c o s t s  
have been determined f o r  a l l  s i g n i f i c a n t  SRB and recovery system 
parameters. The optimum recovery system is defined a s  t ha t  system 
which r e s u l t s  i n  minimum t o t a l  SRB program cos t .  

The l o g i c a l  development of the concept evaluat ion process is shown 
i n  Figure 6.1-1, where recovery system var iab les  have been broken 
d o n  i n t o  sets of parameters t h a t  can be systematicnl ly  exacined. 
A basel ine s e t  of SRB component designs was se lec ted ,  and d e t a i l s  
such a s  weights, s i z e s ,  f ab r i ca t i on  techniques, e t c  were defined 
t o  t he  point  t h a t  a tops-down c o s t  es t imate  of a l l  major subsystems 
could be accomplished. The c o s t s  were then sys temat ica l ly  varied 
i n  the  parametric analyses.  Parachute s i z e s  w e r e  traded u i t h  r e t ro -  
rocket impulses t o  determine the  minimum cos t  hybrid system a t  
each terminal descent ve loc i ty .  The hybrid system was then traded 
with the al l -parachute  system t o  determine the  mi:  ,mum cos t  recovery 
system a t  each veloci ty .  The s t r u c t u r a l  parametri:  s t ud i e s  ex- 
amined the  tradeoff between increased new u n i t  cos t  caused by 
s t rengthening each component t o  reduce impact f a i l u r e  probabi l izy,  
and the increased cos t  accrued by allowing soue water impact f a i l u r e s ,  
and bui ld ing  replacement un i t s .  I n  t h i s  way, the  design s t r eng th  
required t o  provide minimum cos t  a t  each ve loc i ty  was defined. 

A l l  parametric t rades  were then combined t o  determine the minimua 
t o t a l  program cos t  -nd the cerminal descent ve loc i ty  assoc ia ted  
with t h a t  minimum. To test the  v a l i d i t y  of the parametric ana lys i s ,  
four point design recovery subsystems were defined and invest igated.  
These point designs addressed the  s e n s i t i v i t y  of the  opt imizat ion 
techniques by examining one s i n g l e  parachute recovery syster~l s ized  
t o  g ive  a terminal  descent ve loc i ty  of 38 m / s  (125 fps)  and th ree  
parachute recovery systems with c l n s t e r s  of t h r ee  main parachutes 
s ized  t o  provide terminal  descent v e l o c i t i e s  of 24 m / s  (80 f p s ) ,  
30 m / s  (100 fp s )  and 38 m / s  (125 fps ) .  

The following discussion w i l l  show t h a t  both t h e  parametric cos t  
analyses  and t h e  poinc design c c s t  es t imates  r e s u l t  in  minimum 
t o t a l  program c o s t s  a t  a terminal descent ve loc i ty  of 38 m / s  (125 
i p s ) .  
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6 . 2  PARMETRIC COST TRADES 

The paramet ic  c o s t  ana lvses  have been conducted us ing  c o s t  f ac to r ;  
t h a t  a l low d e r i v a t i o n  of f i n a l  c o s t s  independently o f  component 
d e t a i l s .  Given t h e  number of u n i t s  manufactured, t h e  number of 
u n i t s  r e fu rb i shed ,  the  new u n i t  c o s t ,  and t h e  refurbishment f rac-  
t i o n ,  t h e  r e c u r r i n g  (manufacturing and refurbishment) c o s t  is de- 
termined. Table  6.2-1 d e f i n e s . t h e  c o s t  terminology used. T o t a l  
systems c o s t s  a r e  obta ined by adding t o  these  c o s t s  t h e  performance 
c o s t  and the  f l i g h t  rate independent c o s t s  (i.e., DDTCE). From 
these  r e s u l t s ,  c r i t e r i a  f o r  determining t h e  optimum can be app l ied .  

Table 6.2-1 Cost Analysis TernLnoZopd 

COSTS 

PRODUCTION 

NEW UNlT 

REFURBISHMENT 

PERFORMANCE 

T U  I -L PROGRAM 

PARAMETRICS 

THEORETICAL FIRST UNlT (TFU) 

REFURBISHMENT FRACTION 

IMPROVEMENT CURVE 

COSTS FOR SRB SUBSYSTEMS DDTIE INCLUDING NEW UNlT 
AND REFURBISHMENT COSTS FOR THE SIX FLIGHT TESTS. 
AND DEVELOPMENT TEST HARDWARE. AND TOOLING FOR 
FABRICATION OF PRODUCTION ARTICLES. 

INCLUDES ALL NEW U N H  /\rYD REFURBISHMENT COSfS FROM 
FLIGHT NO. 7 THROUGH THE REMAINDER OF THE PROGRAM. 

UlSTS TO FABRICATE AND ASSEMBLE AN SRB SUBSYSTEM NEW 
UNlT EXCLUDING INTEGRATION INTO THE SHUTTLE SYSTEM 

DEFINITION 

FLIGHT ASSEMBLY. 

COST TO RECONDITION AND REPAIR A SUBSYSTEM FROM THE 
POINT OF OWDOCK WASHWWN TO RETURNING I T  TO INVENTORY 
READY FOR ASSEMBLY INTO A SHUlTLE FLIGHT SYSTEM. 

COST OF TRANSPORTING 1 WEIGHT TO SRB SEPARATION. 
AT S3.3011rg fSlSO/lb). 

TOTAL DDTW, PRODUCTION AND PERFORMANCE COSTS I 
THE COST OF THE THEORETICAL FIRST UNlT TO WHICH AN 
IMPROVEMENT CURVE IS APPLIED TO DETERMINE THE TOTAL OR 
AVERAGE COST OF ANY DESIRED WANTlTY OR OF A SPECIFIC 
UNIT. 

THE RATIO OF TFU REFURBISHMENT COST TO TFU NEW UNIT COST. 

UNlT COST REDUCTIONS FOR WANTlTY RESULTING FROM LABOR 
LEARNING. EXPERIENCE. AND TECHNOLOGICAL IMPROVEMENTS. 
THE WRIGHT CURVE METHOD. WHICH USES THE STRAIGHT-LINE 
CUMULATIVE AVERAGE UNlT CURVE FROM THE TFU. HAS BEEN 
USED I N  THIS COST STUDY. 



6.2.1 Cost Analys;s Ziechcdology 

To e s t ab l i sh  a bas j s  of understanding, a cos t  summary has been 
prepared f o r  96 new opera t iona l  SRBs and 782 refurbished un i t s .  
Table 6.2-2 descr ibes  the base l ine  cos t s  and c o n s i s t s  of a l ist  
of major assemblies within each SliB subspsten and t h e i r  accompanying 
DDThE, new un i t  and refurbishment cos t s .  The t h e o r e t i c a l  f i r s t  
uni t  (TFU) refurbishment f r ac t i ons  and improvement curves used 
fo r  estimating purposes a r e  a l s o  presented f o r  benef i t  of cos t  
analysts .  

The cost  es t imates  shown a r e  based on the s t r u c t u r a l  weights and 
drawings provided by NASA WFC a t  the s t a r t  of the cont rac t  period. 
Elanufacturing c o s t s  of the forward s k i r t  and the a f t  s k i r t  b a f f l e ,  
which is discussed i n  Section 6.2-3, a r e  included. Performance 
cos t s  r e su l t i ng  from acce l e r a t i ng  addi t iona l  subsystem weight from 
l i f t o f f  t o  SRB s tag ing  a r e  not included i n  Table 6.2-2. The re- 
covery system cos t s  a r e  f o r  a recovery system using one p i l o t  chute 
and one main parachute designed fo r  a termir.al ve loc i ty  of 38 m / s  
(125 fps) .  

The methodology used i n  der iv ing  the cos; es t imates  shown i n  Table 
6.2-2 is a s  follows: 

1) St ruc tures  - The cos t  of raceways, a f t  a t t a c h  s t r u c t u r e ,  a f t  
s k i r t ,  forward s k i r t ,  and a f t  secondary support s t r u c t u r e  were 
based upon detaj.1 cos t  es t imates  f o r  each of these  components. 
Total  c o s t s  per pound were adjusted f o r  new configurat ions and 
weight d i f f e r ences  f o r  each base l ine  subsystem. The nose cap, 
frustum, and nose i n t e r n a l  structure cos t s  were extrapolated 
from Ti tan  I1 ( a f t  cone of Stage I f u e l  tank) a c t u a l  cos t  da ta ,  
adjusted fo r  weight. The cab le  c u t t e r s  were estimated from 
quotat ions received from three  sources i n  t he  sp r ing  of  1972. 
The separat ion motors were estimated from Martin Mariet ta  Orlando 
curves (cost versus SRM t o t a l  impulse) t h a t  have proven va l id  
i n  the pas t  . 

,, Case, Nozzle, SRB ExpendaSles - These i t e m s  were based upon 
da t a  received from UTC, Thiokol, LPC, and Aerojet  f o r  p r i o r  
es t imates  on Shu t t l e  ""Bs, and a c t u a l  cos t  d a t a  on l a r g e  SREls. 

3) Recovery - A l l  of the  items i n  t h i s  subsystem were extrapolated 
from a de t a i l ed  cos t  es t imate  made by Martin Mariet ta  wi th  ss- 
s i s t ance  from parachute manufacturers from a much bigger ,  more com- 
f l e x  24 m / s  (80 fps ) ,  three-main parachute system under considera- 
t ion  i n  the  spr ing of 1972. The d e t a i l  i n  t h i s  was such t h a t  i t  
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permitted ex t r ac t i on  of only those items required in-  the  var- 
ious recovery systems s tudied with adjustments made f o r  quant i ty  
and configurat ion.  Theoret ical  f i r s t  u n i t  c o s t s  have been 
modified a s  describzd i n  the recovery system parametric s ec t i on  
t o  account fo r  design reuse numbers. 

4) Avionics - These c o s t s  were based on a de t a i l ed  est imate  from 
a list of p a r t s  f o r  the base l ine  recovery system. Exis t ing 
cos t  da ta  f o r  components were taken from various sources.  

5) TVC - TVC cos t  was based upon da ta  from SRMmanufacturers such 
a s  UTC, Thiokol, LPC, and Aerojet ,  and from Rockewell Interna- 
t i o n a l  s tud ies .  

Some general  ground r u l e s  f o r  the  parametric cos t  estimates are: 

1)  The Wright curve method f o r  u n i t  cos t  reduct ions due t o  ex- 
perience, learning,  and technology improvements was applied. 
This method uses the  s t r a i g h t - l i n e  cumulative average un i t  
curve from the  TFU r a t h e r  than the  s t r a igh t - l i ne  u n i t  curve. 
Some manufacturers, p a r t i c u l a r l y  SRM firms, use t he  s t r a igh t -  
l i n e  u n i t  curve method ; thus d i f fe rences  i n  curve percentages 
may be noted when comparing t o  var ious manufacturers' da ta .  

2) A l l  c o s t s  were adjusted t o  1971 d o l l a r s  t o  maintain compati- 
b i l i t y  with previous s t u d i e s  and with NASA-MSFC and R I  data.  
I n  most cases  4% per year e sca l a t i on  o r  deesca la t ion  was used 
when est imates  were based on o ther  than 1971 cos t s .  

3) Factors  fo r  support,  such a s  management, da t a ,  engineering 
l i a i s o n ,  q u a l i t y  assurance and r e l i a b i l i t y ,  etc, were included. 
Typical con t r ac t e r  general  and accounting cos t s ,  and p r o f i t  
were included. 

6.2.2 Programmatic Parametrics 

To make bes t  use of t he  parametric cos t  s t ud i e s ,  a programmatic 
r a t i o n a l e  f o r  determining the  number of var ious subsystem u n i t s  
required t o  support a S h u t t l e  f l i g h t  program was necessary. Fig- 
u r e  6.2-1 graphical ly  shows the  r e l a t i v e  magnitudes of t he  var ious 
subsystem c o s t s  and shows the  reduct ion i n  t o t a l  program c o s t s  
poss ib le  i f  t he  number of new equivalent  SRBs required decreases  
(with a corresponding Increase i n  number of refurbished un i t s ) .  
Such a reduction is considered f e a s i b l e  by increas ing  system re- 
l i a b i l i t y  and reducing refurbishment cyc le  time. The t o t a l  number 
of new u n i t s  is the  number required t o  make up those l o s t  through 
a t t r i t i o n  p lus  the  number i n  the  refurbishment cycle.  





The so l id  rocket booster has a unique a t t r i t i o n  r a t e  t h a t  depends 
on the component f a i l u r e  and wearout r a t e s  and on the  e f fec t iveness  
of the ret r ieval / refurbishment  operat ion.  The t o t a l  number of 
u n i t s  required can be ca lcu la ted  a s  follows: 

- [= + F 'J 
N~ - N~ MTTF 

NT 
= t o t a l  number of recovery iystems required 

NR = number of recovery system required per f l i g h t  = 2 

MTTR mean t i m e  t o  re furb ish  (days) - =  
MTTF mean t i m e  between f l i g h t s  (days) 

= system a t t r i t i o n  rate (a funct ion of recovery system re- '' l i a b i l i t y ,  r e t r i e v a l  r e l i a b i l i t y ,  and component f a i l u r e  
probabi l i ty )  

F = t o t a l  number of f l i g h t s .  

Figure 6.2-2 parametr ical ly  presen ts  the  t o t a l  number of u n i t s  
required f o r  a t t r i t i o n  r a t e s  of 3 t o  7% and fo r  refurbishment t i m e s  
of 30 t o  180 days. Since the  da ta  i n  Figure 6.2-2 a r e  based on 
445 f l i g h t s ,  i t  represents  the  t o t a l  number of u n i t s  required in- 
cluding DDTbE f l i g h t s .  While it is  recognized t h a t  t he  a t t r i t i o n  
r a t e  w i l l  be higher during t h e  DDTCE f l i g h t s ,  i t  i s  expected t h a t  
the average value, over t he  l i f e  of t h e  program, w i l l  not  be  s ig-  
n i f i c a n t l y  a l t e r ed .  

While the idea of designing a un i t  f o r  a f ixed number cE reuses  
has not  been considered t o  be a s i g n i f i c a n t  cos t  impact i t e m  (except 
i n  parachute refurbishment),  the  average number of reuses  expected 
is of i n t e r e s t .  The number of times a u n i t  can be reused a l s o  
depends on three  fac tors :  a t t r i t i o n  r a t e ,  refurbishment t i m e ,  and 
f l i g h t  schedule. 

Figure 6.2-3 shows t h a t  t he  average number of times a u n i t  can be 
reused is l imi ted  by refurbishment t i m e  f o r  low a t t r i t i o n  rates, 
but refurbishment t i m e  becomes less important as a t t r i t i o n  r a t e  
increases ,  because more new u n i t s  must be provided t o  rep lace  
those l o s t  through a t t r i t i o n .  



NUMBER 
OF 
UNITS 
REQUIRED 

7 SHUTTLE ASSEMBLY 
AND CHECK OUT 

- RETRIEVAL 

445 FLIGHTS 
60 FLlGHTSlYEAR MAX 

2 UNlTSlFLlGHT 

MEAN TIME TO REFURBISH (MTTR), drys 

Figure 6.2- 2 At tr i t ion Rate and Refurbishment Times 
Determine Number of Subsystems Required 

AVERAGE NUMBER 
OF REUSES PER 
UNIT 

4% 
5 - 5% 

6% 
7% 

MEAN TlME TO REFURBISH (MTTR), DAYS 

ATTRITION RATE 

ATTRITION 

Figure 6 .2-3  Average Number of Reuses Per Unit Based 
on Refurbishment Time and Attri t ion Rate 



~ e c a u s e ~ - e a c h  subsystem has  a  unique XTTR, i t  i s  no t  s u f f i c i e n t  
t o  d e s c r i b e  SRB program c o s t s  a s  a func t ion  of numbers of  new 
S R B  u n i t s .  For example, t h e  por t ion  of Figure  6.2-1 marked 
"recovery system" may be more p r e c i s e l y  presented a s  a  func- 
t i o n  of t h e  recovery subsystem a t t r i t i o n  r a t e  as shown i n  F i k ~ r e  
6.2-4. The number of new u n i t s  required r e f l e c t s  t h e  SRB at- 
t r i t  ion r a t e  p lus .  any l o s s e s  of t h e  recovery subsystem dur ing  
r e t r i e v a l  and refurbishment ,  and t h e  recovery subsystem ?lTTR. 
Figdre 6.2-4 shows t h a t  s i g n i f i c a n t  system sav ings  can be r e a l i z e d  
by minimizing t h e  subsystem a t t r i t i o n  r a t e  and MTTR. The e f f e c t  
of a  30-day reduc t ion  i n  recovery subsystem refurbishment time 
saves  approximately $1.2 PI,  and a  reductior: of 1% i n  a t t r i t i o n  
r e s u l t s  i n  a $1.0 ?l savings .  

PARACHUTE 
RECOVERY 
SUBSYSTEM 20 
PRODUCTION 1 
COST, $ M 

1 9 t  

0 2 4 6 8 

ATTRITION RATE, % 

Figure 6.2-4 Recurring Cost Tradeoffs 

6.2.3 S c r u c t u r a l  Component Cos t /Fa i lu re  Paramet r i c s  

Concurrent e v a l u a t i o n s  of water impact loads  ( v i a  t h e  Monte Car lo  
program) and s t r e n g t h  ana lyses  of t h e  major s t r u c t u r a l  components 
have def ined t h e  r e l a t i o n s h i p  between component weight and compo- 
nent f a i l u r e  p r o b a b i l i t y .  The r e s u l t s  of t h e s e  s t u d i e s  determined 
t h a t  t h e  c r i t i c a l  loads  on t h e  lower h a l f  9f the  c a s e  and the  a f t  
s k i r t  a r e  determined by i n i t i a l  water  impact and a r e  s e n s i t i v e  t o  
v e r t i c a l  impact v e l o c i t y .  The lo&. .~ng  on the  forward s k i r t  was 
determined t o  be c r i t i c a l  f o r  slapdotm and independent of v e r t i c a l  
impact v e l o c i t y .  The f a i l u r e  p r o b a b i l i t y  f o r  t h e  b a s e l i n e  forward 
s k i r t  w a s  found t o  approach 1. The a f t  s k i r t  appears  t o  have a  
n e g l i g i b l e  f a i l u r e  p r o b a h l l i t y  f o r  t h e  b a s e l i n e  des ign.  



The SRN c a s e  i t s e l f  is r a t h e r  complex. Only a c a s e  w i t h  f o u r  
c e n t e r  segments and a n  a f t  and forward dome has been considered.  
Segments and domes have been considered t o  be s e p a r a t e  e lements .  
Treated t h i s  way, the  c e n t e r  segments have f a i l u r e  p r o b a b i l i t i e s  
of between 3 and 5% depending on the  v e r t i c a l  v e l o c i t y .  The base- 
l i n e  a f t  dome has  a f a i l u r e  p r o b a b i l i t y  t h a t  depends on v e r t i c a l  
v e l o c i t y  but  approaches 1 f o r  a l l  v e r t i c a l  v e l o c i t i e s  i n  t h e  reg ion  
of i n t e r e s t .  

The s t r u c t u r a l  component c o s t  t r a d e o f f s  have used b a s e l i n e  c o s t  
f a c t o r s  a s  a s t a r t i n g  po in t .  The number of new u n i t s  r equ i red  
has  been determined by cons ide r ing  t h e  mean time t o  r e f u r b i s h ,  
t h e  SRB r e t r i e v a l  a t t r i t i o n  p r o b a b i l i t y ,  and the  s t r u c t u r a l  f a i l u r e  
p r o b a b i l i t y .  Table 6.2-3 shows t h e  range of va lues  considered.  
Manufacturing cos:s and refurbishments  c o s t s  a r e  e s t ima ted  by de- 
termining t h e o r e t i c a l  f i r s t  u n i t  c o s t s  t h a t  a r e  v a r i e d  by c o s t  
pe r  u n i t  weight f a c t o r s .  Wright ( s t r a i g h t  l i n e  cumulative average 
u n i t )  exper ience  curves  have been a p p l i e d  t o  t h e  number of new u n i t s  
t o  determine t o t a l  new u n i t  c o s t s ,  and t o  t h e  number of r e f u r b i s h e d  
u n i t s  t o  determine t o t a l  refurbishment  c o s t s .  Performance c o s t s  
a r e  e s t ima ted  by us ing t h e  NASA provided cos t lwe igh t  s e n s i t i v i t y  
f a c t o r  of 3.30 $/kg (1.50 $ / l b )  weight i n c r e a s e .  

Table 6.2-3 New Unit Requirements for Low Failure ProbabiZitiss 

SRM HARDWARE, 
NEW UNITS 
REQUIRED 
(MTTR = 120 DAYS) 

STRUCTURAL 
COMPONENT 
FAILURE 
PROBABILITY 

STAGE HARDWARE, 
NEW UNITS 
REQUIRED 
(MTTR = 9 0  DAYS) 



Cost elements t h a t  a r e  independent of weight,  refurbishment ,  
a t t r i t i o n  r a t e ,  and launch schedule  have not been used i n  t h e  
s t r u c t u r a l  component c o s t  t r a d e  s t u d i e s .  

6.2.3.1 Forward S k i r t  Cost Analys is  

The r e s u l t s  of a c o s t  a n a l y s i s  determining the  i n c r e a s e  i n  theo- 
r e t i c a l  f i r s t  u n i t  c o s t  of t h e  forward s k i r t  due t o  weight change, 
and t h e  subsequent impact on p r o l u c t i o n  c o s t s  f o r  a 439 opera- 
t i o n a l  f l i g h t  program a r e  shown i n  Figure 6.2-5. These charac- 
t e r i s t i c s  a r e  t y p i c a l  of s i m i l a r  t r a d e s  f o r  a l l  t h e  s t r u c t u r a l  
components. I t  was p rev ious ly  pointed ou t  t h a t  a s  f a i l u r e  pro- 
b a b i l i t y  i n c r e a s e s ,  t h e  number of new u n i t s  i n c r e a s e s ,  and t h e  
number of r e fu rb i shed  u n i t s  decreases .  Th i s  f a c t  dominates t h e  
curve shapes of t h e  new u n i t  and refurbishment c o s t s .  T h e o r e t i c a l  
f i r s t  u n i t  c o s t s  i n c r e a s e  a s  f a i l u r e  p r o b a b i l i t y  dec reases ,  but  
t h e  i n c r e a s e  is not  l a r g e  enough t o  d r i v e  t h e  minimum t o t a l  pro- 
gram c o s t  above a f a i l u r e  p r o b a b i l i t y  of 0.01. The i n c r e a s e  i n  
t h e  t h e o r e t i c a l  f i r s t  u n i t  c o s t  r e f l e c t s  the  inc reased  c o s t  due 
t o  increased weight and des ign  complexity.  Performance c o s t s  have 
been computed but  t h e i r  magnitude i s  s o  smal l  t h a t  they s c a r c e l y  
appear on t h e  f i g u r e  i n  t h e  s c a l e  chosen. 

THEORETICAL 0.6 
FIRST UNIT 
COST, 
$ M  0.4 

PRODUCl 
COST, 
$M 

TOTAL 
nnrr . 

'ION 

REFURDISHMENT 

FAILURE PROBABILITY FAILURE PROBABILITY 

Figure 6.2-5 StructuraZ Strengthening Decreases Foruard Sk i r t  Cost 



The por t ion  of Figure G.2-5 t h a t  is  c i r c l e d  has been expanded and 
is  presented i n  Figure 6.7-6 which chows t h a t  minimua cos t  occurs  
a t  a  f a i l u r e  p r o b a b i l i t y  of 0.01. This f i g u r e  a l s o  shows t h a t  
the  f a i l u r e  prob;.'. : l i t y  a t  which t h e  minimum component cos t  occurs  
i s  not s e n s i t i v e  t o  changes i n  a t ~ r i t i o n  r a t e .  Standard des ign 
p r a c t i c e  (u l t ima te  s a f e t y  f a c t c r  of  1.25) r e s u l t s  i n  a f a i l u r e  
p r o b a b i l i t y  o f  approximately 0.0001. Decreasing tile f a i l u r e  pro- 
b a b i l i t y  below t h e  optinuin va lue  ? £  0.01 t o  G . O O O 1  i n c r e a s e s  t h e  
r e c u r r i n g  cos t  by approximately $3.- 11, o r  8% f o r  t h i s  commrent.  
This a9proach r e s u l t s  i n  some margin f o r  u n c e r t a i n t y  i n  cab. tlle 
p red ic ted  water impact loads  a r e  opt  i n i s t i c .  

6.2.3.2 Aft  Dome Cost Analysis  

The r e s u l t s  of cos t  ana lyses  of  he a f t  dome f o r  both 21 .: r,/s (70 
i p s )  and 30.5 m / s  (100 f p s )  presented i n  Figure  6.2-7 i n d i c a t e  t h a t  
l a r g e  prcgram savings  a r e  ach ievab le  by i n c r e a s i n g  t h e  s t r e n g t h  
c a p a b i l i t y  of t h e  a f t  dome. A weak optimum was found f o r  a l l  ver-  
t i c a l  v e l o c i t i e s  i n  t h e  range of i n t e r e s t  a t  f a i l u r e  p r o b a b i l i t i e s  
near  0.01. 

The pre l iminary  des ign m n  .yses cocs id r  ?d two concepts  f o r  pro- 
t e c t i n g  the  a f t  dome: a  ~ t r e n g t h e n e d  a f t  dome an3 a  ~ r o t e c t i v e  
b a f f l e  i n s i d e  t h e  a f t  s k i r t .  Although added keigtlt i n  t h e  a f t  
dome i s  milch g r e a t e r  than t h a t  required f o r  a b a f f l z  i n  the  a f t  
s k i r t ,  t h e  a s s o c i a t e d  c o s t  p e r  pound f o r  t h e  a f t  dome i s  much 
l e s s .  The n e t  e f f e c t ,  however, - s  t h a t  t h e  l i g h t e r  b a f f l e  +a; 
a  decided c o s t  advantage a t  a l l  v e r t i c a l  v e l o c i t i e s  a s  shown i n  
Figure 6.2-8. Furthermore a f a i l u r e  p r o b a b i l i t y  of 0 .01 produces 
lower c o s t s  than those  r e s u l t i n g  frcm using a  f a i l u r e  p r o b a b i l i t y  
c o n s i s t e n t  wi th  a  1.25 u l t i m a t e  s a f e t y  f a c t o r .  The llonte Carlo 
a n a l y s i s  d i d  not  p r e d i c t  any SRB l z s s e s  due t o  a f t  dome f a i l c r e s :  
thus  t o t a l  SRB a t t r i t i o n  was not  a  f a c t o r  i n  t h i s  t r a d e .  

6.2.3.3 SRN Case Cost Analys is  

The c o s t  a n a l y s i s  of  t h e  four  c e n t e r  segments of t h e  SPY was 
divided i n t o  two p a r t s :  

1) SRM c a s e  production c o s t s  were determined cons ide r ing  t h e  
e f f e c t s  of i n c r e a s i n g  c a s e  th ickness  ; 

2) t o t a l  system c o s t s  b e r e  evaluated cons ide r ing  t h e  imjac t  of 
i n c r e a s i n g  HEOP. 
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The s t r eng th  ana lys i s  of the SRY case indicated t ha t  f a i l u r e  caused 
by slapdown loads would occur only i n  t he  fonrard two segments. 
S imi la r i ly ,  f a i l u r e s  due t o  a x i a l  acce le ra t ion ,  which oczur  upon 
water impact, o r  due t o  hydros ta t ic  buckling pressures ,  which occur 
a t  peak submergence, occurred only i n  the a f t  t w c  segments. These 
f a i l u r e  modes were t r ea t ed  a s  being completely independent. Re- 
placement due t o  case damage was then assumed f o r  the two f a i l i n g  
segments. \!eight increases  fo r  strengthened e l e m e r . ~ ~  were d i s -  
t r ibu ted  t o  a l l  four  cen t e r  segments i n  order  t o  pr..serve common- 
a l i t y  i n  design. In determining t h e  e f f e c t s  of the  experience 
curve on cos t s ,  the  set of four cen t e r  segments and forward dome 
was considered t o  be  one un i t ;  thus ,  t h e  t o t a l  number of  u n i t s  
handled (new p lus  refurbished)  w a s  876. The r e s u l t s  shown i n  
Figure 6.2-9 i nd i ca t e  t h a t  reducing f a i l u r e  p robab i l i t y  by SR?I 
case s t rengthening increases  production cos t s .  

Several analyses  of t h e  e f f e c t  of increasing the SRM maximum ex- 
pected operat ing pressure (?lEOP) have been conducted. The l a t e s t  
ava i l ab l e  r e s u l t s  have been obtained from the  *ccz S h Z k  ScT5i 
- - - ., - - - z.-ss zap;'z-,. . .. - - - -- .< a ,,;,, .?c2kt :.!G~sP &3;zr& .?e35a, June 1973. 
This repor t  concluded t h a t  t h e  optimum system has a thrust- to-  
weight r a t i o  of 1.5 and SRtl nozzle  expansion r a t i o  of  7. The 
da t a  f o r  t h i s  system have been converted from r e a l  year d o l l a r s  
t o  1 9 7 1  d o l l a r s  t o  make it cons i s t en t  with t h e  cos t  analyses 
presented here. An e sca l a t i on  f a c t o r  of 4% per  year and a pro- 
duction midpoint of  1982 have been used. The d e l t a  program pro- 
duction c o s t s  are shown i n  Figure 6.2-10 as a funct ion of MEOP. 
The base l ine  po in t  is fo r  a MEOP of 6.2 x lo6 ~ / m ~  (900 ps i ) ,  ex- 
pansion r a t i o  o f  7,  thrust-to-weight r a t i o  of 1.5, and SRM case  
impact f a i l u r e  p robab i l i t y  of zero. Incremental cos t s  due t o  
nonzero SRY case f a i l u r e  p r o b a b i l i t i e s  have been tsken from 
Figure 6.2-9 and added t o  t he  d a t a  from t h e  June review. The 
r e s u l t s  show t h a t  fo r  terminal  descent v e l o c i t i e s  less than 30.5 
m / s  (100 i p s ) ,  t he  optimum MEOP is 6.2 x lo6 ~ / m *  . Increasing 
the  descent ve loc i ty  t o  39.6 n/s (130 fps)  s h i f t s  t h e  optimum 
?EOP t o  6.48 x lo6 ~ / m ~  (940 ps i )  and increases  t he  case program 
cos t  3 mi l l ion  do l l a r s .  Keeping t h e  MEOP a t  6.2 x lo6 ~ / m *  (900 
ps i )  while increasing t h e  ve loc i ty  t o  39.6 m/s (130 fps )  penal izes  
the  system by 2 mi l l ion  d o l l a r s  over t he  optimum value of 6.48 x 
10"/m2 (940 ps i ) .  

6.2.3.4 Optimally Designed S t ruc tu ra l  Components 

Hinimum structural coats a t  mch terminal  descent ve loc i ty  shown 
i n  Figure 6.2- 11 were determined by combining cos t  cha rac t e r i s  tics 
of t he  previously discussed SRB components. The buildup shown 
s t a r t s  with a f ixed cos t  t h a t  is independent of t evnina l  ve loc i ty .  
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Figure 6.2-1 0 Effect of MEOP on SRM Case Program Costs 



This includes a l l  expendable items such a s  SRN expendables (pro- 
p e l l a n t ,  i g n i t o r ,  i n su l a t i on ,  e t c ) ,  raceways, ordnance, cable  
c u t t e r s ,  e l e c t r i c a l  cables ,  and b a t t e r i e s .  Cost of re furb ishable  
items have been included considering new un i t  and refurbishment 
cos t s  f o r  75 SRM cases,  nozzles,  and TVC subsystems and 65 
avionics ,  recovery, and s t r u c t u r a l  subsystems. Added t o  t he  
f ixed cos t  is the  new u n i t  and refurbishment cos t  increment : c r  
b a f f l e s  added t o  the a f t  s k i r t .  Costs f o r  the b a f f l e  increase  
a s  the  desigc ve loc i ty  increases  because i t  is strengthened t o  
maintain a  constant f a i l u r e  p robab i l i t y  (0.01) a s  t he  impact 
ve loc i ty  (and loads) increase.  The cos t  increment shown f o r  
the SREI case r e f l e c t s  the  replacement cos t s  of segments damaged 
during water impact. Case d e s i  n  has been held constant  with 9 the  bEOP equal  t o  6.2 x lo6 ~ / m  (900 p s i ) .  

PROGRAM 
COST 
FOR SRB 
EXCLUDING 
RECOVERY 
SYSTEM. 
SM 

lmr MEOP = 62 x lo6 ~ l m *  (900 psi) 

OPTIMUM STRENGTH 
STRUCTURAL DESIGN 7 CASE FAILURE 

a m s  DUE TO 

I I I 1 
0 40 80 120 160 

I 

fp 
TERMINAL DESCENT VELOCITY 

Figure 6.2-11 Optimum SRB Companent Costs Increase d t h  
TehnaZ Descent Ve Zo&ty 



6.2.4 Recovery SRB System Cost Parametrics 

While the cost of the SRB structural components or the SRM case can 
be modeled and optimized by considering the effects of failure prob- 
ability and adding structural weight to strengthen components, the 
analogous study of recovery system costs is considerably more com- 
plex and involves other parameters. A parachute part failure (failure 
of ribbons, gores, or other minor components) probably does not sig- 
nificantly affect system cost or the survivability of the SRB. This 
type of failure has not been quantitatively treated in this study. 
For the purposes of this investigation, catastrophic failures (e.g., 
failure to deploy, attachment failure, etc) are more influential in 
selecting an optimum recovery system. Catastrophic failure repre- 
sents a total failure (attrition) of the SRB and is treated in an 
overall parachute system reliability estimate. Thus, cost trades 
on the recovery system do not involve direct consideration of failure 
probability and therefore depend on cost sensitivities to the basic 
design parameters. 

In order to determine which parameters affect the variation in para- 
chute svstem costs as a function of parachute terminal velocity, an 
analysis and correlation of historical data was performed. This 
analysis showed that parachute costs were primarily a function of 
diameter (or area) with a second-order cost variation due to weight. 
We found, however that chute weight tends to define the cost of re- 
lated recovery system equipment (bags, reefing, flotation, packing 
labor, etc) . 
It is widel-: believe6 by parachute fabricators that overdesign of 
chutes to provide for many reuses will substantially reduce re- 
furbishment costs so that an optimum design may be defined. 

6.2.4.1 Parachute Costs 

Parachute design characteristics and cost estimating data have been 
correlated and analyzed and are shown in Figure 6.2-12. Correlated 
cost per unit weight as a function of weight, along with selected 
point design data for reference are shown. It is of interest to 
note that the constant diameter data are very nearly negative unity- 
slope lines on this logarithmic plot. Thus, it would appear that 
total cost is a much stronger function of diameter than weight. 
For example, the two point designs at 7.3 m (24 ft) diameter cost 
$9430 at 37 kg (82 lb) of weight versus $10,170 at 102-kg (226 lb) 
of weight, while the 45 m (148 ft) diameter costs $33,440 at 700 kg 
(1548 lb) of weight. The 15.2 m (50 ft) diameter drogue chute does 
not fit the correlation because it is a high velocity, high dynamic 
pressure device which involves additional costs that increase its 
cost per unit weight. Thus the correlation should apply only to 
parachutes deployed from a 68,000 kg (150,000 lb) vehicle at rela- 
tively low velocities. 
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PARmHUTE COST 
+ PILOT COST 

OTHER SYSTEM COST 

- FLOTATION 

AVERAGE 
PROWCTION 
COST PER UNIT 
(FIRST 12 UNITS1 
((S 

I I I I 
5 10 20 30 50 m 

PARACHUTE DIAMETER. Do 

6.2-1 3 Diameter Dependent Parachute Costs 

In order to provide some design perspective in viewing the figure, 
lines of constant deployment dynamic pressure have been superimposed. 
These were obtained by estimating the ultimate load on parachutes 
deployed from a 68,000 kg (150,000 lb) S U  at the given dynamic 
pressure, and plotting the corresponding parachute weight for 
each diameter. Thus, the parachute cost per unit weight versus 
chute weight for given deployment conditions (dynamic pressure), 
and varying diameter tends to follow very closely a negative 213- 
slope line on a logarithmic plot. 

These parachute costs are plotted against parachute diameter in 
Figure 6.2-13. Ancillary parachute system equipment costs for 
packing, reefing, bags, flotation, and miscelianeous equipment 
required to complete the recovery system tend to vary in propor- 
tion to the weight of the parachute. This trend is indicated by 
the steeper slope of the curves for the "other system costs" in 
Figure 6.2-13. 



The DDTCE c o s t s  s h o m  i n  Figure 6.2-14 were s y s t e m a t i c a l l y  developed 
by e s t i m a t i n g  t h e  DDTCE c o s t s  v e r s u s  diameter  assuming high c o n f i -  
dence and a design p rocess  devoid of s p e c i a l  problems. Then "com- 
p l e x i t y  f a c t o r s "  were app l ied  as  t h e  number of chu tes  i n  t h e  system 
were inc reased :  and p rogress ive  "advanced design f a c t o r s "  were 
app l ied  a s  t h e  chute  diameter  inc reased  from s tandard  des ign prac- 
t i c e ,  t o  s ta te-of- the-ar t  l i m i t ,  t o  extended s ta te -o f - the -a r t  va lues .  

6.2.4.2 Parachute  Refurbishment Costs 

I n  t h e  s t r u c t u r a l  t r a d e  s t u d i e s  f o r  SRB water  impact loads  i t  w a s  
assumed t h a t  any damage s u s t a i n e d  by an element would r e s u l t  i n  
replacement of t h a t  element wi th  a new manufacture. However, by 
n a t u r e  of t h e i r  c o n s t r u c t i o n ,  parachutes  can always be expected t o  
s u s t a i n  some degree of damage. Thus t h e  refurbishment c o s t  of 
parachute  systems w i l l  e n t a i l  replacement of gores ,  r ibbons ,  pane l s ,  
e t c .  We f e e l ,  however, t h a t  parachute  c o n s t r u c t i o n  can be  designed 
f o r  such s t r e n g t h  t h a t  j o i n t s ,  r ibbons ,  pane l s ,  and gores  a r e  no t  
l i k e l y  t o  f a i l  even a f t e r  many reuses .  F u r t h e r ,  such c o n s t r u c t i o n  
should n o t  e n t a i l  l a r g e  i n c r e a s e s  i n  weight o r  manufacturing c o s t .  

F igure  6.2-15 i n d i c a t e s  t h e  decrease  i n  refurbishment f r a c t i o n  
expected f o r  parachutes  as they a r ?  designed and cons t ruc ted  f o r  
i n c r e a s i n g  numbers of uses  ( s t r a i 9 h t  l i n e ) .  The refurbishment 
f r a c t i o n  shown is  t h e  average refurbishment f r a c t i o n  (without con- 
s i d e r i n g  t h e  exper ience curve)  f o r  a recovery system i n  which t h e  
average u n i t  is reused 1 0  t imes.  Thus, a parachute  designed f o r  
a s i n g l e  use  would be t o t a l l y  re fu rb i shed  each t ime a t  a c o s t  equa l  
t o  replacement,  whi le  a parachute  designed f o r  30 r e u s e s  would have 
a refurbishment c o s t  of 7% of replacement c o s t  dur ing  i ts program 
l i f e  of 1 0  uses .  \ h e n  c e r t a i n  f i x e d  c o s t s  such a s  washing, t r a n s -  
p o r t a t i o n ,  handl ing,  e t c ,  a r e  added (about 8%) t h e  upper curve re- 
s u l t s .  The corresponding percentage i n c r e a s e s  i n  a f i r s t  u n i t  
manufacturjng c o s t  shown i n  Figure  6.2-16 h a - ~ e  been es t imated.  
The s o l i d  curve r e p r e s e n t s  a 10% i n c r e a s e  i n  new u n i t  c o s t s  a t  5 
reuses  compared t o  s i n g l e  use ,  20% i n c r e a s e  a t  20 r e u s e s ,  30% in- 
c r e a s e  a t  75 reuses ,  e t c .  We b e l i e v e  t h i s  v a r i a t i o n  is more prac- 
t i c a l  than t h e  dashed curve which assumes a 10% i n c r e a s e  i n  c o s t  
each t i m e  t h e  number of uses  i s  doubled. 

The i n c r e a s e  i n  manufacturing cos t  and corresponding decrease  i n  
refurbishment f r a c t i o n  a s  t h e  c h u t e s  a r e  made more rugged r e s u l t s  
i n  an  optimum va lue  f o r  refurbishment f r a c t i o n .  Th is  occurs  when 
t h e  r a t e  of r educ t ion  i n  program c o s t  due t o  refurbishment balances  
t h e  r a t e  of i n c r e a s e  i n  new u n i t  production c o s t .  Figure  6.2-17 
shows t h a t  t h i s  optimum occurs  a t  a refurbishment f r a c t i o n  of 0.10 
and r e s u l t s  i n  a t o t a l  recovery system c o s t  f a c t o r  of 0.128 f o r  a 
program r e q u i r i n g  90 new u n i t s  cover ing a t o t a l  of 878 SRB f l i g h t s .  
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That is, the average cost per SRB for the recovery system is 
0.128 times the first unit manufacturing cost. We believe that 
recovery subsystem costs can be minimized if this desig. ./cost 
approach is taken. Whcle the nu-rical values are subject t~ 
considerable further study, the trends of the present analysis 
should be considered quite reliable. 

Exercising the parametric parachute cost data for an SRB recovery 
systen, the total recovery subsystem program cost estimate presented 
in Figure 6.2-18 can t- determined. Ascent performance costs, i . e . ,  
the cost of preserving baseline performance from liftoff to SRB 
staging, were evaluated at $3.30/kg ($1.50 per pound) of reccvery 
system weight per flight. The parachu~e DDTCE cost uncertainttes 
are reflected in the DDTLE cost band shown. Production cost* 
include the cost af building 90 new units and refurbishing 788 
units, which result for a design having an optimum refurbishment 
fraction of 0.128 as previously discussed. 

6.2.5 Hybrid Retrorocket/Parachute Costs 

The high cost of an all pararhute system to achieve low terminal 
descent velocities leads to the consideration of a hybrid retro- 
rocket/parachute recovery system. The cost trade for this sys- 
tem is developed by using retrorocket cost parametrics similar to 
the parachute cost parametrics already presented. The two sets 
were then systematically combined at- different descent velocities 
to determine the optimum combination of parachute and retrorocket. 

The cost of small solid rocket rcotors is comparatively well known. 
Total impulse appears to be the governing parameter for preliminary 
design estimates. Figure 6.2-19 presents the average unit cost 
for 1756 units (2 wits per SRB). An experience percentile of 
0.95 was ~ s e d  to develop the average unit cost variation. The 
retrorocket system costs have been found to be insensitive to 
the number of retromotors used on an SRB. The DDTCE costs 
shown in Figure 6.2-20 assume that no special design problems 
occur. 3ther costs associated with the hybrid system inclode a 
fixed cost consisting of installation, checkout, and handling of 
the retrorocket system (not required in all-parachute system), 
and the cost of a radio-altimeter to provide the ignition 
signal for the retromotors. 
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Figure C.2-21 shows the t o t a l  cost for  the retrorocket portion of 
the hybrid recovery system a s  a function of parachute terminal 
velocity with retrorocket terminal velocity shown as a parameter. 
The difference between the retrorocket and-parachute terminal 
ve loc i t i e s  is the i V  required of the retromotors. This f igure  
shows tha t  a minimum fixed cost of $14 M is  required t o  include 
a retromotor. The $14 !I is made up of the following: 

- Retrorocket fixed cost $5.5 M 

- DDTCE $2 M 

- Performance cost $1 M 

Tne minimum t o t a l  DDTCE costs  for  a retromotor system of $2,000,000 
is made up of $1,200,000 for  motors and $800,000 f o r  in tegra t ion 
and mounting hardware design. For retrorocket systems providing 
velocity changes of 49 m / s  (160 fps) ,  the  motor DDTCE costs  increase 
t o  $2,200,000 and the cost for  integrat ion with the  SRB increases t o  
$1,500,000. I f  a dual thrus t  design is required, the DDTCE cost  is 
increased by $500,000. 

The cost  t o  include a retromotor increases l inea r ly  from $14 M for  
a minimum AV system t o  $56 M fo r  a AV of 30.5 m / s  (100 fps).  The 
cost slope increases above a AV of 30.5 m / s  (100 fps) because 
longer burn times a r e  required t o  remain &thin  the  s t a t e  of the  
a r t  with consequent increase i n  gravity loss  and an increase i n  
t o t a l  impulse required per un i t  AV. The cost  of incorporating 
a dual thrus t  mode a l so  increases with increasing AV. It has 
been assumed that  retromotors w i l l  not be reused because of t h e i r  
high refurbishment f rac t ion (0.83). 

The hybrid recovery system costs  are the  sum of the  parachute and 
retromotor cos ts  and a r e  presented as a function of parachute 
velocity i n  Figure 6.2-22. Because parachute sys ten  cos t s  de- 
crease with increasing velocity and retromotor system costs  increase 
with AV required, an optimum parachute veloci ty  may be expected fo r  
each hybrid system f i n a l  velocity. This optimum parachute terminal 
velocity var ies  from 34 m / s  (112 fps)  f o r  verp low f i n a l  ve loc i t i e s  
t o  41 m l s  (I 35 fps) f o r  r e la t ive ly  high f i n a l  ve loc i t i e s  (indicated 
by dashed l ine) .  

The optimum cost  points fo r  the hybrid system are cross p lo t ted  
against the  SRB f i n a l  descent velocity i n  Figure 6.2-23. The 
contributions of performance, DDT&B and production costs  and the  
corresponding cos ts  fo r  the  all-parachute system a r e  shown. The 
minimum cost  recovery system has its highest cost  of $101 M at 
zero terminal descent velocity ($113,000 per SRB f o r  hybrid sys- 
tem) and drops t o  $60 M ($67,500 per SRB) a t  %he crossover point  
of 27.4 m / s  (90 fps) . Move t h i s  veZocity, the  all-parachute 
system is optimum and its cost  drops u n t i l  at  49 m/s (160 ips)  
it is $20 M o r  $22,500 per SRB. 
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It was pointed out  i n  Section 6.2.4 t h a t  considerable uncertainty 
e x i s t s  a s  t o  the DDT&E cos t s  of l a rge  parachutes ( i .e . ,  those para- 
chutes associated with low t e m i n a l  ve loc i t i e s ) .  Figure 6.2-24 
shows t h a t  t he  e f f e c t  of considering these  unce r t a in t i e s  is t o  de- 
f i n e  a band from 20 m / s  (65 fp s )  t o  29 m / s  (95 fps )  i n  which there  
is an uncer ta in ty  a s  t o  which system is l e s s  expensive. Below 20 
m / s  (65 fp s )  the  hybrid system c l e a r l y  has a cos t  advantage, and 
above 29 m / s  (95 fps)  t h e  all-parachute system has t h e  advantage. 

TOTAL 
RECOVERY I 

r PESSIMISTIC DDT&E 

TERMINAL DESCENT VELOCITY 

Pigw)e 6.2-24 P e 8 8 w . b t i c  P a w c h u t e  C o s t 8  S t i t 2  S h a ~  
AZZ-Parachute System C o a t  ~hvtmtage8 



Tota l  SRB Program Parameter Cost Resul ts  

Total  program cos t  fo r  optimally designed s t r u c t u r a l  components 
and recovery subsystems have been determined a s  a function of 
terminal descent ve loc i ty  i n  t he  previous discussion.  By conbi- 
ing these elements t o  determine t o t a l  SPB program c o s t s  an optimum 
terminal descent ve loc i ty  c r i t e r i a  is defined. This is accomplished 
by combining the  optimally strengthened s t r u c t u r a l  component cos t s  
from Figure 6.2-11 with the  recovery subsystem cos t  from Figure 
6.2-23. The r e s u l t a n t  t o t a l  SRB program c o s t ,  shown on Figure 
6.2-25 has a minimum cost  of $1388 I1 a t  38 m / s  (125 fp s ) .  A s  
parametr ical ly  defined, t h i s  terminal  descent ve loc i ty  is  optimum 
for  a 445-flight program. 

A s imi l a r  ca lcu la t ion  f o r  a 225 f l i g h t  program is shown i n  Figure 
6.2-26. This program has been s t ruc tured  t o  have a DDTdE phase 
i d e n t i c a l  t o  t h a t  of t he  445-flight program (i.e., 6 DDTdE f l i g h t s ) .  
The production phase includes systems f o r  219 f l i g h t s  with a maxi- 
mum f l i g h t  r a t e  of  30 f l i g h t s  per year. Cost fo r  the  production 
phase of the 445 f l i g h t  program have been modified t o  r e f l e c t  the  
changed quan t i t i e s .  For a 225-flight program, t he  opcimum v e l o c i t y  
i s  reduced t o  35 m / s  (115 fps )  and the  minimum t o t a l  program cos t  
is $840 M. 

5.3 POINT DESIGNS COST ESTIMATES 

Due t o  t he  parametric na ture  of t he  previous r e s u l t s ,  we be l i eve  
c e r t a i n  complexities w i c d n  t h e  SRB recovery subsystems are not  
f u l l y  r e f l ec t ed  i n  t he  cos t  es t imates .  . During t h e  parametric 
ana lys i s  the  e f f e c t s  on DDTdE cos t s  of extending the  s t a t e  of 
the  a r t  i n  parachute diameter and/or c l u s t e r  s i z e  were estimated 
i n  general  terms. I n  order  t o  v e r i f y  t he  previous concl t~sions,  
four point  design'recovery systems were s i zed  f o r  t h e  base l ine  
SRB and more de t a i l ed  c o s t  analyses were couducted. These were: 

1) A recovery system using one main chute s ized  t o  38 m / s  
(125 fps)  VTD. 

2) Three ocher recovery systems each with c l u s t e r s  of  t h r ee  main 
chutes and s i zed  t o  d i f f e r e n t  terminal descent v e l o c i t i e s .  
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These systems were obvious choices  f o r  more d e t a i l  c o s t  a n a l y s i s  
s i n c e  : 

1) S i n g l e  chute  systems have t h e  lowest  apparent  c o s t  (due 
p r imar i ly  t o  reduced q u a n t i t y )  a s  w e l l  a s  h igh r e l i a b i l i t y .  

2) Three-chute c l u s t e r s  could have compet i t ive  c o s t s  s i n c e  
i n d i v i d u a l  chute  s i z e  ar.? v e i g h t s  a r e  reduced f o r  a given 
v e l o c i t y  ana because three-chute system r e l i a b i l i t i e s  are 
higher when s i n g l e  chute  f a i l u r e s  a r e  considered.  

Table 6.3-1 p r e s e n t s  a  comparison of recovery subsystem DDTCE and 
production c o s t s  inc lud ing  t h e  b a s i c  subsystem components: SRB 
recovery ordnance, main chu te  r e t r i e v a l ,  n o s e l p i l o t  r e t r i e v a l ,  
main chute  f a b r i c a t i o n  and packing,  and p i l o t  chute  f a b r i c a t i o n  
and packi -.g. 

The c o s t  component wi th  t h e  l a r g e s t  va r iance  ic t h i s  comparison is  
main chute  f a b r i c a t i o n  and packing. Ind iv idua l  chu te  c o s t s  were 
va r ied  f o r  both  diameter and weight between s i n g l e  and m v l t i p l e  
chute  systems. DDT&E and product ion c o s t s  were a l s o  v a r i e d  f o r  t h e  
a d d i t i o n a l  t o t a l  q u a n t i t i e s  i n  t h e  m u l t i p l e  chu;e systems. These 
m u l t i p l e  chute  q u a n t i t y  c o s t s  were c a r r i e d  down t h e  improvement 
curve t o  t h e  t o t a l  q u a n t i t y  of i n d i v i d u a l  main chu tes  requ i red  
r a t h e r  than t h e  q u a n t i t y  of c l u s t e r s .  Th i s  assured a  more 
r e a l i s t i c  and lower t o t a l  chute  c o s t  f o r  t h e  m u l t i p l e  c h u t e  sys- 
tems. Only s i n g l e  p i l o t  chu tes  were considered f o r  t h e  m u l t i p l e  
chute systems: however, d iameter  and u n i t  c o s t s  were v a r i e d .  

SRB recovery ordnance and t h e  nose /p i lo t / f rus tum r e t r i e v a l  package 
have t h e  same component requirements  f o r  both  s i n g l e  and m u l t i p l e  
chute  systems, t h e r e f o r e  c o s t s  do n o t  vary .  The main c h u t e  
r e t r i e v a l  package, however, r e q u i r e s  s e p a r a t e  f l o t a t i o n  equipment, 
f l a s h i n g  l i g h t s ,  dye markers, and power sources  f o r  each i n d i v i d u a l  
main chu te  which causes  an i n c r e a s e  i n  m u l t i p l e  chu te  systems. 
Only one s e t  of t h e  remaining components of t h e  r e t r i e v a l  package 
such as beacon, antenna,  sonar  t r a n s m i t t e r ,  c a b l e s ,  and connectors  
a r e  requ i red  i n  t h e  m u l t i p l e  chu te  recovery systems and thus  do 
no t  cause a  c o s t  va r iance .  Comparisons of c o s t  i n c r e a s e s  r e l s t i v e  
t o  t h e  s i n g l e  chu te  recovery system a r e  as fol lows:  
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DDT&E Product ion T o t a l  -- 
One chute  system wl th  V = 
38 m / s  (125 f p s )  T D 100% 100% 100% 

Three chute  system with  V :: 

38 m / s  (125 f p s )  TD i09  133 12 5 

Three chute  system with  V = 
30 m / s  (100 f p s )  TD 112 148 

Three chu te  system w i t h  V = 
24 m / s  (80 f p s )  TD 116 163 

The p o i n t  des ign DDTdE c o s t  e s t i m a t e s  were b a s i c a l l y  o p t i m i s t i c  
i n  t h a t  t h e  DDTGE program presupposed a success-or iented develop- 
ment t e s t  program wi th  minimal f a i l u r e s  and l i t t l e  o r  no redes ign .  
Thus the  v a r i a t i o n s  i n  c o s t  from t h e  b a s e l i n e  recovery system t o  
t h e  m u l t i p l e  chute  systems and among t h e  d i f f e r e n t  d iameter  para- 
chu tes  i r o n  24 m (79 f t )  Do t o  40 m (132 f t )  Do were r e f l e c t e d  

only  i n  a d d i t i o n a l  hardware f o r  c l u s t e r  t e s t s  and i n  u n i t  c o s t  
dlle t o  t h e  chu te  diameter v a r i a t i o n s .  I t  was f e l t  t h a t  a  more 
r e a l i s t i c  DDT&E program c o s t  assur:?t ion would b e  somewhere between 
t h i s  lowest  c o s t  approach and more p e s s i m i s t i c  e s t i m a t e s  which 
add c o s t s  due t o  f a i l u r e s  and redes ign  r e s u l t i n g  from p o t e n t i a l  
problems inheren t  i n  developing c l u s t e r e d  and very  l a r g e  diameter  
parac!lutes. 

Table 6.3-2 p r e s e n t s  a  summary of t h e  complexity f a c t o r s  which 
were a p p l i e 6  t o  t h e  b a s e l i n e  system DDT&E program i n  o r d e r  t o  
q u a n t i f y  a  more p e s s i m i s t i c  DDT&E c o s t  e s t ima te .  The r a t i o n a l e  
f o r  ~ p p l y i n g  t h e  s p e c i f i c  f a c t o r s  i s  i temized below each system. 
de  b e l i e v e  t h e  r e l a t i v e  magnitude of t h e  f a c t o r s  c l o s e l y  approxi-  
mate t h e  p o t e n t i a l  problems p resen ted  f o r  t h e  DDT&E program. 

Figure  6.3-1 i l l u s t r a t e s  t h e  r e l a t i v e  DDT&E c o s t s  of t h e  
opt j .mis t ic  and p e s s i m i s t i c  estimates. A preL ",ion of a r e a l i s t i c  
DDT&E c o s t  t rend l i n e  between t h e  two extremes i n d i c a t e s  t h e  
fo l lowing : 

"TD 
= 38 m / s  (125 f p s )  DDT&E Cost = $13 M 

= 39 m / s  (100 f p s )  = $16 M 

= 24 m / s  (80 f p s )  = $20 M 
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In Figure 6.3-2, the point design recovery subsystem cost  e s t i -  
mates a r e  combined with the optimally designed s t r u c t u r a l  com- 
ponent cost  t o  obta in  t o t a l  SRB program costs .  The recovery DDTLE 
cost  uncertainty band is included. This f igure  i l l u s t r a t e s  tha t  
regardless of the  DDTCE cos t  uncertaint ies ,  a minimum cost  still 
occurs a t  terminal descent ve loc i t i e s  of approximately 38 mls  
(125 fps).  This optimum V is a l so  insens i t ive  t o  whether TD 
a s ing le  chute o r  three chute recovery system is chosen. 

TOTAL 
SRB 
PROGRAM 
COST, 
$8 1.31 

THREE PARACHUTE 
DDT&E COST 
UNCERTAINTY - 

SINGLE PARACHUTE-' 
RECOVERY SYSTEM 

-FLIGHT PROGRAM 

OPTIMUM STRENGTH ,- 

STRUCTURAL DESIGN 

TERMINAL DESCENT VELOCITY, VTD 

Figure 6.3-2 O p t h  TednaZ Descent Vetocity Is Insensitive 
to Reoovsry System DDTgE Cost Uncertainty 



6.4 BASELINE RECOVERY SYSTEN SELECTION CONSIDERATIONS 

Our study was not primarily design-concept oriented, but i n  the 
process of defining the Recovery Subsystem requirements, config- 
urat ion se lec t ion  considerations other than those tha t  can be 
quantif icd became apparent.. The fac t  tha t  an impact veloci ty of 
about 38 m / s  (125 fps) r e s u l t s  i n  near minimum program cos ts  for  
severa l  d i f f e ren t  design options and DDTLE cost  assumptions was 
established i n  the  previous section. A summary of the  optimum 
impact veloci ty,  program cost ,  and the increment betveen the min- 
imum cost  and the  cost  a t  an impact veloci ty of 24 m / s  (80 fps) 
is presented i n  Table 6.4-1. These data show tLat the optimum 
impact veloci ty var ies  between 36 m / s  (118 fps) and 38 m / s  (125 
fps) and tha t  the  t o t a l  program cos t  savings over a system v i t h  
an impact veloci ty of 24 m / s  (80 fps) var ies  from 5 t o  30 mil l ion 
dollars .  The shape of the DDTCE curve is the major d r ive r  i n  de- 
termining the cos t  advantage fo r  the  optimum velocity while the 
r e l i a b i l i t y  of the  recovery system influences the l eve l  of the  
minimum cost  point. The probabil i ty of a t  l e a s t  two parachutes 
of a three-parachute c lus te r  functioning is predicted t o  be very 
high, a s  shown i n  Table 6.4-2. I f  t h i s  r e l i a b i l i t y  is assumed 
f o r  the three parachute system, the  t o t a l  program difference be- 
tween t h i s  system and a s ing le  main parachute system is very small. 
Higher SRB component damage probabil i ty is assumed and in- 
cluded i n  the cost  estimate f o r  the  f l i g h t s  tha t  experience a 
s ing le  main parachute f a i lu re ;  huuever, the  resul t ing  increased 
impact veloci ty does not cause complete loss  of the SRB. Thus 
the increased parachute system cost  of the  c lus te r  is nearly off- 
s e t  by its increased r e l i a b i l i t y .  

The very high r e l i a b i l i t y  predicted f o r  the three main parachute 
c lus te r  r e s u l t s  from the assumptions that :  

1) there is no c lus ter ing  e f f e c t  on individual  parachute deploy- 
ment and i n f l a t i o n  probabil i ty;  

2 )  f a i l u r e  of one parachute w i l l  not cause f a i l u r e  o r  degrada- 
t ion  of the  other two. 

While these assumptions r e f l e c t  accepted r e l i a b i l i t y  estimating 
pract ice,  they in tu i t ive ly  appear opt imis t ic  because of the poten-. 
c ia1  of physical and aerodynamic interference e f fec t s .  
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The assumptions used i n  estimating DDTbE costs  a r e  discussed i n  
the previous section. The var ia t ion  i n  DDTdE cost  with impact 
velocity has only minor influence on the  optimum impact veloci ty,  - 
but a major e f f e c t  on the l e v e l  of program funding required t o  
deviate from tha t  optimum. 

Since differences i n  t o t a l  program cos ts  a r e  small, t h i s  parameter 
alone cannot be used t o  s e l e c t  between s ingle  and multiple para- 
chute systems . Subjective reasoning was therefore a t  tempted. 
Table 6.4-3 lists several  i ssues  and the subject ive r e l a t i v e  ra t -  
ings fo r  each issue among four configurations providing an impact 
velocity of 38 m / s  (125 fps).  These configuration options are: 

1) Single main parachute; 

2) A c lus te r  of three main parachutes sized for  the  design im- 
pact velocity; 

3)  A c lus te r  of three main parachutes sized fo r  the design im- 
pact velocity with a s ing le  parachute f a i l u r e  ; 

4) A c lus te r  of 6 main parachutes. 

The s ingle  main parachute system ra tes  bes t  i n  cos t ,  development 
tes t ing ,  log i s t i c s ,  refurbishment, and available test data. The 
c lus te r  systems a re  favored for  r e l i a b i l i t y  ( i f  a s ing le  f a i l u r e  
does not cause SRB loss ) ,  weight, handling, and g r w t h  capabil i ty.  
While such an evaluation is admittedly subject ive,  the  t o t a l  r a t -  
ing score favors the  s ing le  main parachute. 

The primary object ive of the  SRB Recovery System Requirements 
Study was t o  se lec t  a recovery system which results i n  miniuum 
t o t a l  program costs.  We selected the  s ing le  main parachute rn,- 
covery system f o r  the  baseline design concept because of its: 
lower Dm&E costs ,  lower t o t a l  program cos ts ,  and design sim- 
p l i c i ty .  
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The o v e r a l l  SRB Recovery System Development Plan is presented i n  
Figure 7.0-1. This  milestone schedule shows the  relationship of 
the recovery system development, q u a l i f i c a t i o n ,  demonstration, 
and f a c i l i t i e s  requirement, with the  SRB and S h u t t l e  program mile- 
s tones.  The development plan supports  the program milestones i n  
a l l  areas .  To support the SRB p ro j ec t  PDR milestone, t he  SRB re- 
covery system d e f i n i t i o n  and s t a g e  hardware loads i n t e r £  ace ms t 
be defined a t  t he  e a r l i e s t  possible  da te .  

The top l eve l  l o g k  network f o r  developing, demonstrating, and 
qua l i fy ing  the  defined recovery system is presented i n  Figure 
7.0-2. This network is keyed t o  t he  SRB development milestones 
and ind i ca t e s  t h a t  t he  recovery system development, v e r i f i c a t i o n ,  
and demonstration of refurbishment operat ions can be  accomplished 
w e l l  wi th in  t he  milestones t o  support t h e  f i r s t  v e r t i c a l  f l i g h t  
test. The dece le ra tor  system can only be  p a r t i a l l y  q u a l i f i e d  be- 
fo re  f l i g h t  test because of i n a b i l i t y  t o  drop test t h e  system a t  
f u l l  opera t iona l  loads.  F l igh t  c e r t i f i c a t i o n  f o r  f i r s t  v e r t i c a l  
f l i g h t  (FVF) w i l l  therefore  be  met by test p lus  ana lys i s .  F u l l  
dece le ra tor  system q u a l i f i c a t i o n  w i l l  be  by f l i g h t  demonstration 
during the  DDT&E FVF. 

7.1 DEVELOPMENT TEST PLAN 

Development of t h e  Space Shu t t l e  SRB recovery system w i l l  e n t a i l  
increas ing ly  complex t e s t i n g  and eva lua t ion  a£ ter t h e  f n i t i a l  
f e a s i b i l i t y  tests a r e  complete. A development program goal  is t o  
achieve t he  lowest poss ib le  program cos t  while  s a t i s f y i n g  t h e  
technica l  object ives .  A l l  hardware of new design w i l l  b e  t e s t e d  
t o  determine s u i t a b i l i t y  f o r  t he  intended appl ica t ion ,  while  
ana lys i s  w i l l  be used t o  shaw co r r e l a t i on  between e x i s t i n g  hard- 
ware and recovery system s p e c i f i c a t i o n  requireloents. Es sen t i a l l y ,  
all development t e s t i n g  should be  completed before  t h e  recovery 
system CDR t o  inf luence c r i t i c a l  designs,  provide background f o r  
review, and achieve preliminary design v e r i f i c a t i o n  f o r  production 
design approval. 
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T e s t i n g  a t  t h ?  couponent o r  p i e c e  p a r t  l e v e l  w i l l  b e  planned a t  
a  low l e v e l  of a c t i v i t y  a s  many of t h e  e l e c t r i c a l ,  o rdnance ,  and 
i n s  t rumeli tat ion components w i l l  be  o f f - t h e - s h e l f  and p r e v i o u s l y  
q u a l i f i e d  f o r  tile i n t ended  SKi3 usage .  Components t h a t  meet known 
recovery sys tem f u n c t i o n a l  anJ  env i ronmen ta l  r equ i r emen t s  w i l l  b e  
s e l e c t e d  a f t e r  c a r e f u l  comparison w i t h  d e s i g n  s p e c i f i c a t i o n s ,  and 
a f t e r  rev iewing  c u r r e n t  manufac tur ing  a r d  s u p p l i e r  s t a k . ~ s  i n f o r -  
mation.  If t h e s e  components n e e t  o r  exceed t h e  r e q u i r e d  ,-perciting 
performance c r i t e r i a ,  no compone,.t_ de\?eloprnent t e s t s  w i l l  be  
r e q u i r e d .  

Development of t h e  recovery  sys tem ~ u E  t be  c i o s e l y  c o n d i n a t e d  
wi th  developmert  of t h e  o t h e r  S I B  sys tems as c r i t i c a l  i n t e r f a c e s  
e x i s t  w i t h  s t r u c t u r e s ,  e l e c t r i c a l ,  i n s t r u m e n t a t i o n ,  s e p a r a t i o n ,  
and SR?I sys tems.  P h y s i c a l ,  t e s t ,  and checkout  i n t e r f a c e s  must 
be  coo rd ina t ed  wi tn  t h e  SRB s t r u c t l l r e s  sys tem t o  e n s u r e  t h a t  p rope r  
envelopes  a r e  main ta ined  f o r  t h e  recovery  syste1.i i n s t a l l a t i o n ,  
checkout ,  maintenance,  and o p e r a t i o n a l  deployment .  S i g n i f i c a n t  
components of t h e  SRB recove ry  sys tem shou ld  b e  s u p p l i e d  t o  t h e  
S h u t t l e  Ground Vibration Test a t  MSFC f o r  i n s t a l l a t i o n  on t h e  SRB 
t o  ensu re  dynamic c o m p a t i b i l i t y  of  t h e  t e s t  c o n f i g u r a t i o n  b e i n g  
t e s t e d .  T e s t s  of SRN n o z z l e  s e p a r a t i o n ,  t h a t  w i l l  p robab ly  b e  
performed a t  t h e  SRPI c o n t r a c t o r ' s  f a c i l i t y ,  s h c u l d  b e  . l o s e l y  
scheduled  w i t h  tests of  t h e  a v i o n i c s  subsys  tem t o  a s s u r e  cpmpat- 
i b i l i t y .  Elements  of t h e  recovery  sys tem w i l l  a l s o  b e  supp, ied  
f o r  t e s t  on t h e  SRB breadboard  t e s t  and t h e  SRE v ib ro -acousc i c  
t e s t .  

Wind t u n n e l  t e s t s  of a  s m a l l  s c a l e  SRB a r e  r e q u i r e d  t o  de t e rmine  
t h e  o r i r . . , ~ ~ , , ~ ;  -f t h e  SRB d u r i n g  r e e n t r y .  The test r e s u l t s  w i l l  
proY:ide s t a t i c  f o r c e s  and noments, dynamic f o r c e s  and moments, 
and s e l e c t e d  s c r f a c e  p r e s s u r e s  o v e r  t h e  r e e n t r y  Mach number r ange  
f o r  a n g l e s  of a t t a c k  from z e r o  t o  n r a d i a l s .  These  d a t a  w i l l  b e  
used t o  de t e rmine  t h e  f i n a l  SRB t r i m  c o n d i t i o n s  and w i l l  t h e r e f o r e  
be d i r e c t  i n p u t s  t o  t h e  recovery  sys tem s i z i n g .  Care  must b e  
taken  i n  t h e  p l ann ing  and conduc t ion  of t h e s e  tests t o  maximize 
t h e  accuracy  of  th? d d t a .  The model w i l l  b e  of a  s m a l l  s c a l e ,  making 
some of t h e  fuii s c a l e  p ro tube rances  d i f f i c u l t  t o  a c c u r a t e l y  model. 
T h i s  may r e s u l t  i n  e r r o r s  i n  t h e  f o r c e ,  moment, and s e p a r a t e d  f low 
d a t a .  Ln a d d i t i o n  t o  t h e  p r o t u ~ e r a n c e  e f f e c t  t h e  a l l c w a b l e  o v e r a l l  
model s i z e  may make t h e  d u p l i c a t i o n  o f  t h e  f u l l  s c a l e  Reynolds num- 
b e r s  imposs ib l e .  I t  w i l l  a i s o  b e  n e c e s s a r y  t o  a n a l y z e  t h e  s t i n g  
i n t e r f e r e n c e ,  t u n n e l  b lockage ,  and t u n n e l  w a l l  i n t e r f e r e n c e  t o  
minimize t h e s r  e f f e c t s  on t h e  d a t a  t h a t  are o b t a i n e d .  
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The recovery system parachutes w i l l  be t e s t ed  i n  both wind tun- 
ne l s  and f r ee - f a l l  v e r t i c a l  drops. Po t en t i a l  s t i n g  in te r fe rence  
and blockage e f f e c t s  w i l l  be evaluated. Since t h e  wind tunnel 
parachute made1 s c a l e  w i l l  be r e l a t i v e l y  l a rge ,  there  should be 
no appreciable e r r o r s  i troduced i n t o  the test r e s u l t s  because of 
the s ca l i ng  of the  model's canopy o r  suspension l i n e s .  However, 
i t  w i l l  be necessary t o  consider such f ac to r s  a s  l o c a l  Reynolds 
number conditions i n  t he  parachute mater ia l ' s  pores,  the poros i ty  
of the parachute, canopy pressure coe f f i c i en t  and t h e  tension i n  
the cloth.  Tunnel t e s t i n g  can no t  s imulate  t he  dynamic condi t ions 
of a parachute descent,  s o  f r ee - f a l l  c e s t s  w i l l  be used t o  corre- 
l a t e  and augment the wind tunnel  r e s u l t s .  

A development plan has been formulated t o  provide a *ecommended 
test plan fo r  t he  s e l ec t ed  recovery system conf igura t ion  and is 
shown i n  Figure 7.1-1. The test program proposed w i l l  generate  
da ta  t o  support design and v e r i f i c a t i o n  t h a t  c a m o t  be  accomplished 
by analysis .  A l i d t e d  nu"sber of development tests are p l a n ~ e d  
and most of these  tests a r e  r e l a t e d  t o  dece l e r a to r  development 
and sequencing f o r  optimum recovery condi t ions.  A l i d t e d  number 
of recovery component a v i o ~ . i c s  tests a r e  required,  as t h e  major 
need f o r  v e r i f i c a t i o n  w i l l  b e  a t  t he  system l e v e l  t o  shav in t e r -  
ac t ion  with o the r  systems. 

A proposed schedule f o r  t h e  Recovery System development is shown 
i n  Figure 7.1-2. SRB milestcnes have been included t o  i nd i ca t e  
recovery development schedule requirements t h a t  are time-phased 
to  support t he  SRB development. 

Dwelopment tests must be  paced t o  pravide t imely d a t a  f o r  en- 
gineering ana lys i r  and design. Preliminary designs of t h e  re- 
covery system w i l l  be  tes ted ,  when necessary, t o  confirm design 
concepts. ?fa! - r i a l s  tests w i l l  he performed only where e x i s t i n g  
da tz  is inadequate t o  ve r i fy  mater ia l  s u i t a b i l i t y  f o r  t h e  intended 
use. Element tests of critical recovery system hardware w i l l  b e  
performed to  supply empir ical  d a t a  t o  relate t o  t h e  a n a l y t i c a l  
models. These tests w i l l  include s t r u c t u r a l  attachments,  f a b r i c s ,  
j o i n t s ,  and seams. 

Drop t e s t i n g  of t he  recovery system using a 68,040 kg (150,00u lb)  
SRB o r  simulated weight is beyond present  day c a p a b i l i t i e s  of t h e  
test f a c i l i t i e s .  Loads of up t o  22,680 kg (50,000 lb)  have been 
dropped from a i r c r a f t  and recovered a t  JPTF, E l  Centro, Ca l i forn ia .  
AIAA Paper No. 43-471 r epo r t s  t h a t  d i ~ p  tests of a platform weigh- 
ing  up t o  18,141 kg (40,000 l b )  h a w  been completed t o  develop 
drop test techniques f o r  parachute recovered loads up t o  31,752 kg 
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(70,000 lb)  and possibly up t o  40,824 kg (90,000 lb)  . These tech- 
niques use a C-5A a s  the drop a i r c r a f t  and require use of a stand- 
ard platform as  the basic test bed upon which a recovery system 
could be mounted. The only way t o  test a f u l l  weight expended 
SRB would be t o  ac tual ly  launch an SRB and recover i t .  This ap- 
proach is inherently too cos t ly ,  so  t e s t ing  zust  be done by use 
of scaled vehicles. Scaled vehicles can accomplish most of the 
desired t e s t  object ives of the recovery system development drop 
t e s t s ,  but cannot test ultimate loads on the  s ing le  large main 
parachute system. This object ive must be accomplished by t e s t s  
of components, sca le  models, and ultimately by the DDTLE f l ights .  

The t e s t  program outl incd in t h i s  report  uses drop L e s t  techniques 
which a r e  currently i n  existence a t  JPTF, E l  Centro. The program 
requires development of test vehicles which provide simulation of 
a broadside SRB descent t r i m  t o  test the  nose cap and f r u s t a  
separation techniques adequately. 

Continuing coordination with the  pr ine  test f a c i l i t i e s  is desir-  
able s o  tha t  t e s t ing  of  large loads with tbe  SRB recovery system 
configuration may be fur ther  developed. 

7.1.1 Decelerator Developaent 

Development of the  decelerator  system w i l l  be characterized by 
analysis ,  material tests, wind tunnel tests of both the  p i l o t  and . . 
main parachutes, a s e r i e s  of bomb drop tests, and f i n a l l y  a system 
bomb drop ' t e s t  of the simulated frustum and decelerator.  These 
tests, shown i n  Table 7.1-1, w i l l  . i f y  the  design, sequencing, 
and construction before commencing t e m  qua l i f i ca t ioa  tests. 

Cr i t e r i a  used fo r  se lec t ion  of test requireinents and approaches 
was t o  achieve the  bes t  p rac t i ca l  approximation of operat ional  
conti t ions and t o  comply with Space Shut t le  program philosopb, -*. re- 
garding low cost  by employing maximum use of exis t ing  f a c i l i t i e s ,  
t e s t  hardware, and resources developed fo r  other  space programs. 
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Evaluation of t he  base l ine  design was performed t o  determine i f  
the  dece le ra tor  concept proposed was a f u l l y  t e s t a b l e  concept. 
Several  d i f f e r e n t  t e s t i n g  techniques were considered f o r  eva lua t ing  
each design requirement. Capab i l i t i e s  and l imi t a t i ons  of var ious 
test f a c i l i t i e s  were reviewed and the  t e s t  plan evolved. The plan 
is a compromise of f a c t o r s  t h a t  were considered, including c o s t ,  
state-of-the-art  test c a p a b i l i t i e s ,  s c a l i n g  c r e d i b i l i t y ,  f u tu re  
test c a p a b i l i t i e s ,  and test a r t i c l e  design. 

Three a reas  exist  t h a t  w i l l  d i c t a t e  less t e s t i n g  than would be  
des i r ab l e  before  t h e  f i n a l  configurat ion tests of t he  s i x  DDTLE 
f l i g h t s .  These a re :  

1 )  u l t imate  load t e s t i n g  of t h e  f u l l  s c a l e  main parachute,  in- 
cluding r ee f ing  ; 

2) nose cap and frustum separa t ion  with a f u l l  burnout weight 
SRB, including separa t ion  normal t o  t h e  l i n e  of descent ;  

3) f u l l  s c a l e  SRB water impact behavior and parachute re lease .  

These d i f f i c u l t i e s  a l l  r e s u l t  from i n a b i l i t y  t o  perform t e s t i n g  
of a f u l l  s c a l e  SRB from simulated s epa ra t i on  t o  impact. These 
l im i t a t i ons  can be  overcome by a r igorous test program, and ade- 
quate  v e r i f i c a t i o n  can be  accomplished by use of s c a l e  vehic les ,  
bomb drops, wind tunnel tests, and proven a n a l y t i c a l  methods t o  
allow comitment  of t h e  SRB recovery system t o  t h e  DDTCE f l i g h t s .  

The development wind tunnel  tests involving sca led  parachutes a t  
simulated Mach number and dynamic pressure are required t o  de- 
termine p i l o t  and main parachute e f f i c i ency  and s t a b i l i t y .  The 
tests w i l l  provide d a t a  on l i n e  lengths ,  drag, s t a b i l i t y ,  loads,  
and o v e r a l l  dece l e r a to r  e f f i c i ency .  The forebody w i l l  b e  a s ca l ed  
model of t h e  SRB. Pred ic ted  and a c t u a l  r e s u l t s  w i l l  b e  ca re fu l ly  
analyzed and adjustments made t o  t h e  conf igura t ion  before  subse- 
quent tests, i f  required. 

Mater ia ls  tests w i l l  be  performed t o  determine phys ica l  p rope r t i e s  
of seams, j o i n t s ,  attachments, and e f f e c t s  of environments 
on mater ia l s .  Spec ia l  emphasis should be  placed on c y c l i c  e f f e c t s  
of s e a  recovery and exposure t o  salt water. These tests w i l l  se rve  
t o  i d e n t i f y  the  ex t en t  of refurbishment required on se l ec t ed  
materials. 



Parachute drop t e s t s  w i l l  be made using f u l l  s c a l e  parachute test 
configurat ions dropped from a i r c r a f t  a t  JPTF, E l  Centro, Ca l i forn ia .  
The p i l o t  and main parachutes w i l l  be t e s t ed  individual ly  during 
bomb drop tests. Test  condi t ions w i l l  include low, nominal, and 
high q t e s t s  with equivalent a l t i t u d e  and Mach number compatible 
with e x i s t i n g  t e s t  f a c i l i t i e s .  The test forebodies for  t h e  in- 
d iv idua l  parachute t e s t s  w i l l  be e x i s t i n g  equipment bombs modified 
f o r  t h i s  use. Separation tests of t he  nose cap and p i l o t  chute 
from the forward frustum must include a bomb configurat ion i n  
which the nose cap is separated on a broadside approach. The f u l l  
s c a l e  recovery system t e s t s  w i l l  r equi re  a new configurat ion bomb 
drop vehicle  including t h e  nose cap and frustum. Since t he  broad- 
s i d e  approach of the SRB must be dupl icated t o  provide meaningful 
da ta ,  t h i s  veh ic le  mst r e l i a b l y  provide a broadside approach a t  
t h e  proper q .  General ob jec t ives  of t h e  drop test program t o  be 
a t t a ined  i n  progressive s t e p s  a r e  : 

1 )  Demonstrate t h e  deployment system and sequence. ~ y ' n a m i c a l l ~  
stress the parachute system canopies, suspension l i n e s  and f i t -  
t i ngs  and provide da t a  on deployment dynamics af each parachute. 

2) Verify deployment t o  l i n e  s t r e t c h .  

3) Verify i n i t i a l  i n f l a t i o n  and f u l l  i n f l a t i o n ,  including reef ing.  

4) Demonstrate s t a b i l i z a t i o n  of t h e  system and s teady s t a t e  per- 
f  ormance . 

5) Demonstrate func t iona l  performance of t h e  e n t i r e  dece le ra t ion  
system before q u a l i f i c a t i o n  tests. 

The drop tests a r e  required t o  s u b s t a n t i a t e  s p e c i f i c  design f ea tu re s  
of t he  base l ine  system. Two s i g n i f i c a n t  design f ea tu re s  of t h e  
base l ine  system tha t  requi re  subs t an t i a t i on  a r e  p i l o t  parachute 
e j e c t  ion normal t o  t he  r e l a t i v e  ve loc i ty ,  and l a rge  main parachute 
i n f l a t i o n  under SRB loads.  

The p i l o t  parachute f u l l  s c a l e  deployment tests w i l l  demonstrate 
the  base l ine  concept of e j e c t i n g  t h e  p i l o t  parachute contained 
i n  the SRB nose cap normal t o  the r e l a t i v e  ve loc i ty .  These test 
da ta  w i l l  be  used t o  evaluate:  

1 )  suspension l i n e  "fis!i hooking" e f f e c t s  during bag s t r i pp ing ;  

2) SRB wake in te r fe rence ;  

3) nonsymmetric canopy f i l l i n g  cairsed by a r e l a t i v e l y  high angle 
of a t tack .  



The main parachute s i z e  and weight approach the  s t a t e  of t h e  a r t  
fo r  parachute design. Large parachutes present  a design problem 
i n  assuring uniform, complete, and s t a b l e  i n f l a t i o n .  The follow- 
ing  t e s t  da t a  w i l l  be  needed f o r  i n f l a t i o n  ve r i f i ca t i on :  

1 )  i n f l a t i o n  r a t e s  f o r  i n i t i a l  and d is reef  openings; 

2) i n i t i a l  and d is reef  opening loads; 

3) canopy porosi ty  s u f f i c i e n t  t o  prevent squidding under SRB 
deployment loads and v e l o c i t i e s .  

The p i l o t  parachute may be  f u l l  s c a l e  drop t e s t ed  a t  near ly  ac tua l  
deployment condi t ions.  The main parachute drop tests encounter 
l im i t a t i ons  t ha t  evolve from i n a b i l i t y  t o  a i r  drop a payload t h e  
s i z e  and weight of t h e  SRB. The SRB weight is 68,040 kg (150,000 
l b )  and t h e  maximum f e a s i b l e  payload weight t h a t  may be  a i r  dropped 
is approximately 22,680 kg (50,000 Ib)  . 
The weight s ca l i ng  of t h e  main parachute paylos' .~b a f f e c t s  
the dynamic pressure gradient  during botk i n i t i  , aad c; ..ee; in- 
f l a t i o n s .  The dynamic pressure predicted fo r  ..? recovery d,rops 
during i n i t i a l  reefed i n f l a t i o n  from 6,500 t o  4,300 ~ / m ~  (135 t o  
90 l b / f t 2 )  and then during d i s r ee f  from 3,840 t o  1,440 t?/rp2 (80 
t o  30 l b / f t 2 )  (Figure 2 .l-14). I f  t he  drop test deployment is  
i n i t i a t e d  a t  a dynamic pressure of 6,500 t?/m2 (135 l b / f t 2 )  wi th  
a scaled 22,680 kg (50,000-lb) payload, the  system w i l l  d ece l e r a t e  
s i g n i f i c a n t l y  below t h e  4,300 ~ / m ~  (90 lb / f  t 2 )  opening load dy- 
namic pressure.  Otherwise, i f  t h e  drop test deployment is designed 
t o  achieve t h e  4,300 Wrn2 (90 lb / f t2 !  f u l l  open (reefed) dynamic 
pressure and match the  opening loads,  t h e  i n i t i a l  ve loc i ty  w i l l  
be g rea t e r  causing a f a s t e r  f i l l i n g .  This s i t u a t i o n  becomes even 
more pronounced f o r  d i s r ee f ing  tests. 

It is recommended t h a t  t h e  needed i n f l a t i o n  v e r i f i c a t i o n  d a t a  be  
obtained by des ign i rg  t he  main parachute drop tests t o  match opening 
loads,  and d i f f e r e n t i a l  pressure and s t r a i n  measurements be  made 
on the  canopy. These measurements w i l l  be  u s e d ' t o  a n a l y t i c a l l y  
p red i c t  t h e  f i l l i n g  times. Drop tests matching opening loads may 
be made with v a r y ~ n g  degrees of reef ing  (minimal reefed a r ea  t o  
unreefed deployment) t o  sva lua t e  t h e  d i s r ee f ing  performance. 

Functional parachute development tests w i l l  b e  performed a t  t h e  
parachute supp l i e r s  f a c i l i t y  (or  o the r  s u i t a b l e  loca t ion)  as p a r t  
of t he  rou t ine  development of parachutes,  and w i l l  include pack 
and p u l l  t a t s  and d y n a d c  bag s t r i p p i n g  tests. 



Ground t e s t s  t h a t  w i l l  complement t h e  parachute tests a r e  t h e  nose 
cap s e p a r a t i o n  t e s t s  and nose frustum s e p a r a t i o n  t e s t s ,  which must 
be comp1,eted before  the  f i n a l  systems a i r  drop t e s t s  a r e  performed. 
These t e s t s  must demonstrate s a t i s f a c t o r y  s e p a r a t i o n  of t h e  nose 
cap from the  nose frustum and t h e  frustum from t h e  SRB forward 
s k i r t  under s imulated SRB descent  cond i t ions ,  which w i l l  i nc lude  
a x i h l  and s i d e  loads ,  and r o l l .  

Test  r e s u l t s  w i l l  be used t o  update the  pre l iminary des ign d a t a ,  
v e r i f y  a n a l y s i s ,  and support  any system modif icat ions  t h a t  a r e  
required dur ing the  t e s t  phases. 

7.1.2 Avionics Systems 

Development t e s t i n g  of the  recovery av ion ics  w i l l  b e  requ i red  only 
where necessary t o  ensure  t h a t  component des ign  w i l l  meet t h e  re- 
quired environments and f u n c t i o n a l  requirements.  Nost of t h e  
e l e c t r i c a l  and ins t rumenta t ion  components s e l e c t e d  f o r  t h e  base- 
l i n e  recovery system w i l l  b e  items t h a t  a r e  c u r r e n t l y  i n  use  on 
space program app l ica t ions .  Other i tems of equipment may have 
t o  be modified t o  be  adapted t o  recovery requirements,  and t h i s  
hardware w i l l  b e  sub jec ted  t o  development t e s t s  a t  t h e  component 
l e v e l .  These t e s t s  w i l l  v e r i f y  a n a l y s i s  and prove design o r  manu- 
f a c t u r i n g  concepts be fore  be ing  incorporated i n  q u a l i f i c a t i o n  
t e s t s  on production hardware. 

The component t e s t  program w i l l  i nc lude  development t e s t s  a t  f u l l  
q u a l i f i c a t i o n  l e v e l s ,  inc lud ing  extended stress o r  o f f - l i m i t s  
t e s t s .  Since  most of t h e  hardware w i l l  b e  of mature des ign,  these  
tests w i l l  be l imi ted .  

l r a d e  s t u d i e s  w i l l  b e  completed t o  a r r i v e  a t  optimum approaches 
t o  implementing t h e  av ion ics  requirements,  such a s  whether t o  
q ~ a l i f y  e l e c t r i c a l  equipment t o  h igher  v i b r a t i o n  o r  a c o u s t i c  l e v e l s ,  
o r  t o  provide shockmounting t o  reduce t h e  environmental  l e v e l s .  

Af te r  t h e  required component development tests a r e  complete, elec- 
t r i c a l  systems breadboard (o r  mockup) of t h e  recovery systems 
hardware w i l l  b e  set up t o  v e r i f y  systems compat ib i l i ty .  Th i s  
test w i l l  e v a l u a t e  parametr ic  vo l tage  perf  ormence, t r a n s i e n t s ,  
EMC, redundant c i r c u i t r y ,  opera t ing  performance, and sequencing. 
This t e s t  w i l l  provide a  b a s i s  f o r  confidence i n  completion of a  
s u c c e s s f u l  q u a l i f i c a t i o n  program. 



Areas t h a t  w i l l  r ece ive  s p e c i a l  a t  t e n t i o n  dur ing av i un ics  develop- 
ment t e s t s  a r e  ordnance c i r c u i t r y ,  SRB t o  recovery system e l e c t r i -  
c a l  and i n s t r u m e n t a t i o n  i n t e r f a c e s ,  ground checkout methods, and 
checkout of redundant c i r c u i t r y .  Resu l t s  of t h i s  development 
t e s t i n g  w i l l  provide requirements f o r  des ign  of e l e c t r i c a l  ground 
suppor t  equipment. 

m e  t e s t i n g  w i l l  p rogress  from lower l e v e l  p iece  p a r t  and component 
t e s t s  t o  use of t ' le  a v i o n i c s  system on t h e  low a l t i t u d e  bomb drop 
t e s t s  of t h e  f u l l  systems c o n f i g u r a t i o n .  These t e s t s  w i l l  v e r i f y  
t h e  system represen ted  by s imula ted  o r  p a r t i a l  c o n f i g u r a t i o n s  be- 
f o r e  t h e  q u a l i f i c a t i o n  bomb drop t e s t s  i n  which t h e  e n t i r e  a v i o n i c s  
system w i l l  b e  proven. 

A p o r t i o n  of t h e  development t e s t s  w i l l  b e  devoted t o  determining 
reuse  c a p a b i l i t i e s  and r e f u r b i s h  requirements t o  suppor t  t h e  pro- 
gram recovery concepts  and iow c o s t  requirements .  

7.1.3 I n t e r f a c e  T e s t s  

Development of t h e  recovery system must b e  c l o s e l y  coordinated 
wi th  development of  t h e  SRB systems a s  phys ica l  and e l e c t r i c a l  
i n t e r f a c e s  e x i s t  w i t h  t h e  s t r u c t u r e ,  e l e c t r i r a l ,  i n s t r u m e n t a t i o n ,  
SRM, and s e p a r a t i o n  systems.  Beginning w i t h  systems development 
t e s t s  of  t h e  SRB, t h e  p ro to type  recovery system components should  
be i n t e g r a t e d  wi th  t h e  SRB f o r  s t a t i c  and dynamic t e s t i n g ,  func- 
t i o n a l  t e s t s  of t h e  a c t i v e  systems,  and maintenance, a c c e s s i b i l i t y  
and refurbishment demonstra t ions .  The parachute  packages i n  t h e  
nose cap and nose frustum must be  c a r e f u l l y  i n t e g r a t e d  f o r  space  
~ l l o c a t i o n  and p rope i  o p e r a t i o n  dur ing  t h e  recovery sequence.  
The Ins t rumenta t ion  and e l e c t r i c a l  i n t e r f a c e s  must b e  proven com- 
p a t i b l e  dur ing  t h e  checkout a c t i v i t i e s ,  a l though t h e s e  i n t e r f  a c e s  
w i l l  no t  be  a c t i v e  dur ing  t h e  a s c e n t  phase u n t i l  SRB/ET separa-  
t ion.  

Emphasis should  be  placed on thorough t e s t i n g  of both  e l e c t r i c a l  
and mechanical i n t e r f a c e s  of t h e  SRB and recovery system a t  v a r i -  
ous phases of development. S u f f i c i e n t  t e s t i n g  should  b e  performed 
on t h e  i n i t i a l  assembled f l i g h t  hardware t o  a s s u r e  t h a t  t h e  prime 
and r e d w d a n t  systems of t h e  recovery system a r e  compat ib le  w i t h  
o t h e r  systems o f  t h e  SRB. I n t e r f a c e  s e p a r a t i o n  t e s t 4 n g  of  t h e  
nose cap t o  f rus tum and f rus tum t o  forward s k i r t  i r a L e r f a c e s  should  
r e c e i v e  s p e c i a l  a t t e n t i o n .  



Recovery sys tem s i m u l a t o : . ~  w i l l  b e  f u r n i s h e d  t o  t h e  SRB forward 
s k i r t ,  f ru s tum,  and nose cone c o n t r a c t o r s  f o r  t h e i r  development 
and i n t e r f a c e  v e r i f i c a t i o n .  Up t o  fou r  s e t s  of  r ecove ry  sys tem 
mass s i m u l a t e d  hardware shuulct b e  iurn is : , ed  f o r  t h e  SW dynamic 
GVT a t  !4SFC. Complete i n t e r f a c e  and enve lope  i n f o r m a t i o n  ..,us t 
be exchanged e a r l y  i n  t h e  program t o  enab le  f i n a l i z a t i o n  of s t r u c -  
t u r e  and recovery  system d e s i g n .  

To v e r i f y  r e t r i e v a l  and r ecove ry  i n t e r f a c e s ,  t h e  recovery  sys t em 
c o n t r a c t o r  shou ld  a c t i v e l y  p a r t i c i p a t e  j n  t h e  SYB s e a  recovery  
and t-owing t e s t s  t h a t  w i l l  b e  conducted b e f o r e  t h e  f i r s t  manned 
o r b i t a l  f l i g h t .  

7 . 2  QUALI FICP.TIO:J TEST PLAN 

Q u a l i f i c a t i o n  of  t h e  SRB recove ry  s y s t e n - - t h a t  2 a r t  o f  t h e  v e r i f i -  
c a t i o n  of d e s i g n  and c o n s t r u c t i o n  t h a t  w i l l  b e  performed on f l i g h t  
hardware--will  r e s u l t  i n  c e r t i f i c a t i o n  of t h e  r ecove ry  sys tem 
hardware f o r  o p e r a t i o n a l  use .  

To p rov ide  t h e  g r e a t e s t  economy, test w i l l  b e  used on ly  when ana lv-  
sis is n o t  f e a s i b l e ,  and ,  i n  some c a s e s ,  s e l e c t e d  tests w i l l  b e  
run t o  s u p p o r t  r e q u i r e d  a n a l y s i s .  These t e s t s  w i l l  b e  performed 
a f t e r  f i n a l i z a t i o n  of a p r e f e r r e d  r ecove ry  sys t em c o n f i g u r a t i o n  
and t h e  f e a s i b i l i t y  and development t e s t s  a r e  comple te .  Q u a l i f i -  
c a t i o n  tests w i l l  n o t  be  performed on  a l t e r n a t i v e  c o n f i g u r a t i o n s ;  
q u a l i f i c a t i o n  w i l l  be  performed i n i t i a l l y  on  p i e c e  p a r t s  and 
components. 

System l e v e l  tests w i l l  b e  used whenever f e a s i b l e .  F i n a l  q u a l i -  
f i c a t i o n  d rop  tests on  t h e  f l i g h t  t ype  hardware  w i l l  b e  performed 
a t  JPTF, E l  Cen t ro ,  C a l i f o r n i a  b e f o r e  t h e  Space S h u t t l e  l aunches .  
F i n a l  q u a l i f i c a t i o n  and c e r t i f i c a t i o n  f o r  o p e r a t i o n a l  u s e  of  t h e  
SRB recove ry  sys t em w i l l  b e  accompli.shed d u r i n g  t h e  s i x  DDT&E 
l aunches  from KSC. 

Q u a l i f i c a t i o n  of  t h e  SRB recove;y sys tem w i l l  b e  l i m i t e d  t o  thorough 
tests of  components and a s s e m b l i e s  o f  components,  b u t  w i l l  s t o p  
s h o r t  of f u l l  s c a l e  f l i g h t  t e s t s  of t h e  b o o s t e r .  Confidence i n  
r e l i a b l e  f u l l  sys tem o p e r a t i o n  w i l l  b e  ga ined  d u r i n g  .he v e r i f i -  
c a t i o n  p  :< gram, which p r e c e d e s  t h t  DDT&E Space S h u t t l e  l aunches .  



Hardware used f o r  q u a l i f i c a t i o n  t e s t l n g  w i l l  b e  of f l i g h t  conf ig-  
u r a t i o n  and m u s ~  be sub jec ted  t o  f l i g h t  acceptance  t e s t s  b e f o r e  
and a f t e r  q u a l i f i c a t i o n  t e s t s .  Qual i f ica t i .02  t e s t  l e v e l s  ( ecv i -  
ronmental and f u n c t i o n a l )  must be s u f f i c i e n t l y  h igher  o r  longer  
i n  d u r a t i o n  than acceptance t e s t  and f l i g h t  l e v e l s  t o  provlde  con- 
f idence t h a t  t h e  f l i g h t  equipment w i l l  perform wi-hin  s p e c i f i c a t i o n  
a f t e r  exposure t o  repeated acceptance t e s t i n g  and f l i g h t  miss ion 
envircaments.  

7 .2 .1  Component Q u a l i f i c a t i o n  

Environmental q u a l i f i c a t i o n  t e s t s  w i l l  v e r i f y  t h a t  f l i g h t  type  
hardware meets performance and des ign  requirements under a n t i c i -  
p ~ t e d  o p e r a t i n g  environments p lus  margin a s  def ined i n  a p p l i c a b l e  
s p e c i f i c a t i o n s .  

Components and assembl ies  should b e  q u a l i f i e d  a t  t h e  h i g h e s t  as-  
sembly l e v e l  i d e n t i f i e d  a s  a  remcve and r e p l a c e  i t em from t h e  
f l i g h t  v e h i c l e .  A l l  new des igns  must be  q u a l i f i n d  by t e s t .  Ex- 
i s t i n g  des igns  may be  q u a l i f i e d  by t e n t  d a t a ,  t o g e t h e r  wi th  de- 
t a i l e d  a n a l y s i s  of any des ign modi f i ca t ions  o r  changes i n  manu- 
f a c t u r i n g  techniques .  

Some of t h e  recovery system h a r d w a ~ e  w i l l  b e  . - sed  f o r  one f l i g h t  
only;  however, t h e  major i ty  of equipment and s t r u c t u r e  w i l l  b e  
r eusab le .  Reusable hardware used f o r  t h e  Space Shut t i e  recovery 
system has  a  r e l a t i v e l y  d i f f i c u l t  t o  ana lyze  requireme.1t f o r  r e -  
peatzd cyc les  of accep t snce ,  checkout, o p e r a t i o n a l  use ,  recovery,  
and refurbishment .  Therefore ,  t h e  requirement f o r  c y c l e  l i f e  
q u h l i f i c a t i o n  is an important  c o n s i d e r a t i o n  i n  s e t t i n g  up t h e  
t e s t  program. For example, some components t h a t  a r e  cc:-rently I n  
use on space  a p p l i c a t i o n s  may b e  s e l e c t e d  f o r  t h e  SRB recovery 
-ystel,, and may b e  q u a l i f i e d  f o r  t h e  a n t i c i p a t e d  SRB ervi ronments  
f o r  one use ,  b u t  have not been proven f o r  r epea ted  x s e  and re-  
furbishment.  A p a r t i a l  q u a l i f i c a t i o n  w i l l  be  requl .ed f o r  t h e s e  
components. 

Table 7.2-1 shows t h e  major components of  t h e  recovery system and 
i a d l c a t e s  t h e  n a t u r a l  and induccd environments t h a t  a r e  a p p l i c a b l e  
f o r  t h e  usage. Most of t h e  recovery system components w i l l  b e  
loca ted  w i t h i n  t h e  nose cone and forward s k i r t  forward of t h e  SW 
p r o p e l l a n t  segmer.ts. The recovery system environmental  reqiiL? - 
me-its w i l l  b e  determined by requirements  i n  t h i s  a r e a .  T!da re -  
p o r t  has  n o t  s e l e c t e d  s p e c i f i c  components 3 y  p a r t  numbers; the re -  
f o r e  complete q u a l i l i c a t i o n  t e s t  r e q u i r t m a n t s  f o r  i n d i v i d u a l  com- 
ponents cannot be  determined a t  t h i s  time. Hardware, when s e l e c t e d ,  
w i l l  b e  reviewed t o  determine i f  r e q u a l i f i c a t i o n  is requ i red  a s  
a  r e s u l t  of  any changes, o r  a more severe  e n v i r o n m n t  o r  o p e r a t i n g  
cond i t ion  e x i s t s  zhan t h a t  f o r  which t h e  hardware was o r i g i n a l l y  
q u a l i f i e d  . 





'I' I i "- 

A minimum of one f l igh t - type  component w i l l  be  subjected tc a l l  
qua l i f i ca t i on  t e s t s  a f t e r  c m p l e t i o n  of factory acceptance t e s t s .  
Tt.2 t e s t a  w i l l  be acconiplished i n  t he  sequence t h a t  p a r a l l e l s  t h e  
mission exposcre sequence. 

7.2.2 S y s t r s  Q ~ a l i f i c a t i o n  

Qual i f ica t ion  tests tha t  a r e  bes t  accomplished a t  t h e  system l eve l  
a r e  shown i n  Figure 7.2-1. These tests w i l l  use f l igh t - type  hard- 
ware t h a t  has been fac tory  acceptance t e s t ed .  Sa t i s f ac to ry  com- 
p l e t i on  of these proposed tests v i l l ,  wi th  t h e  compoqsnt q u a l i f i -  
ca t ion  t e s t s ,  enable t e s t i n g  of t h e  complete f l i g h t  systems during 
the DDT&E f l i g h t s .  These tests are b r i e f l y  described. 

7.2.2 -1 Recovery/SRB In t e r f ace  Ver i f i ca t i on  Tes ts  

These tests w i l l  ve r i fy  t h a t  the SRB recovery system in t e r f ace  
with the o ther  SRB znd Orb i t e r  systems are compatible. Simula- 
t o r s  w i l l  be used t o  check in te r faces .  These tests w i l l  a l s o  
serve t o  provide v e r i f i c a t i o n  of che e l e c t r i c a l  and instruments'- 
t i on  cabl ing,  which w i l l  n c t  receive component q u a l i f i c a t i o n  tesr- 
ing. S t r u c t u r a l  i n t e r f a c e s  w i l l  be  checked using master gages and 
tool ing,  and by a c t u a l  f i t  checks of i n t e r f ac ing  hardware. 

7.2.2.2 System Pyrotechnic Separation Tes ts  

A complete nose cap. frustum and f o r ~ a r d  equipment s k i r t  w i l l  b e  
tes ted t o  demonstrate capab i l i t y  of t h e  systems t o  survive t he  
py ro-shock environments created by the  var ious a c t i v e  ordnance 
devices i n  t h e  recovery system. Physical  separa t ion  of t h e  mating 
in t e r f aces  and clearances w i l l  be  ve r i f i ed .  Spec ia l  tzst in s t ru -  
mentation such a s  t r i a x i a l  accelerometers w i l l  be  required. . 
7.2.2.3 A i r  Drrp - Production Recovery System 

A f u l l  production recovery system w i l l  be l n s t a l l e d  i n  s u f f i c i e n t  
p r ~ d u c t i ~ n  supporring s t r u c t u r e  t o  adequately test the  e n t i r e  re- 
covery sequence a t  JPTF, E l  Centro, Cal i fornia .  The weight of t he  
test bomb v i l l  be 22,680 kg (50,000 lb)  o r  t he  maximum f e a s i b l e  a t  
che time of the  test.  The c o n f i y r a t i o n  w i l l  include b a t t e r i e s ,  
ordnance, p i l o t  and main parachutes, timers, cabl ing,  swivel ant3 
f l i g h t  type separa t ion  in t e r f aces .  The en t i ce  SRB recovery de- 
scent  sequence w i l l  be s inn~ la t ed  wi th in  t h e  limits allowed by 
the  test se tup  and w i l l  end with r e t r i e v a l  from t h e  Saltor. Sea. 
171:s test s e r i e s  w i l l  provide valuable information on a c t u a l  
recovery system performance before the  manned launches. Addi- 
t i o n a l  contr ihut  ions t o  refurbishment c a p a b i l i t i e s  and require- 
ments w i l l  be  obtaine.' on t he  parachutes and components. 
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7.2.3 Maintainability Demonstration 

Haintainabil i ty of the  recovery system a f t e r  i n s t a l l a t i o n  i n  the  
forward s k i r t ,  frustum, and nose cap w i l l  be demonstrated a t  the  
SRB assembly f a c i l i t y  a t  KSC. Ccrrnpliance with maintainabil i ty 
and se rv iceab i l i ty  design c r i t e r i a  vi1.l be demonstrated on one 
of the  f i r s t  f l i g h t  SRBs, and recommendations fo r  modifications 
w i l l  be nade when required. The maintainabil i ty demonstration 
should be made using flight-type hardware, using provisioned 
ground handling equipment when required. The maintenance demon- 
s t r a t i o n  must support the  program milestones for  f i n a l  qua l i f i -  
cat ion,  and provide timely resolutLon of a l l  fac tors  adverse t o  
achievement of launch-on-time and l o w  cos t  program goals. 

Several features t o  be  evaluated a re  handling capabil i ty,  easy 
access ib i l i ty  t o  components and cables, i n s t a l l a t i o n  and removal 
of large volume and weight components, easy access fo r  i n s t a l -  
l a t i o n  and removal of ordnance and pressurized components, and 
access fo r  post instal l-at icn checkout. A l l  maintenance w i l l  prob- 
ably be performed with the SRB major assemblies i n  t h e  v e r t i c a l  
position, bnth i n  the  SRB Final  Assembly Fac i l i ty  and i n  t h e  VAB. 
Time events for  performing maintenance w i l l  be monitored t o  en- 
sure tha t  turnaround times f o r  refurbishment and launch can be  
met. 

The maintenance demonstrations w i l l  be performeri using procedures 
tha t  have been developed during the  development phase and con- 
t inual ly  refined as t he  design changes o r  new techniques are im- 
plemented. Early de f in i t ion  of o p e r a t b n a l  GSE capab i l i t i e s  is 
required t o  ensure tha t  the  maintainabil i ty basel ine is r e a l i s t i c ,  
maintainabil i ty inputs  t o  t rade s tudies  axe complete, and test 
plans and test procedures are accurate. 

The test procedures and GSE w i l l  be validated during the  demon- 
s t r a t i o n  test a c t i v i t y  fo r  subsequent use at any repa i r  a rea  
using specif ied GSE i n  comparable f a r i l i t i e s .  

7.2.4 DIX&E Flight  Test 

The f i n a l  ver i f ica t ion  of the SRB recovery system before the  op- 
e ra t iona l  f l i g h t  phwe w i l l  b e  accomplished by recovery of the  
12 SRBs used oa the  s i x  DDTLE f l i g h t s  from KSC. These f l i g h t s  
w i l l .  use both new and refurbished recovery systems. 



A t  l e a s t  th ree  s e t s  of t he  SRBs w i l l  be new manufacture and up t o  
three  w i l l  be refurbished. Special  ground and seaborne ins t ru-  
mentation and photo coverage w i l l  be required t o  gather  perfor- 
mance data  for  the  SRB recovery sequences. Optical  coverage of 
the  SRE descent a t t i t u d e  and parachute deployment of both p i l o t  
and main w i l l  be very des i rab le .  Extensive evaluat ion of t h e  
recovered SRB svstems w i l l  be performed t o  determine performance 
of t he  systems and t o  evaluate  hardware capabi l i ty  f o r  reuse. 
Components such as  t imers and switches must be-disassembled, in- 
spected and r e t e s t ed  a f t e r  i n i t i a l  recoveries  t o  adequately estab- 
l i s h  s u i t a b i l i t v  f o r  reuse. Af te r  r e l i a b i l i f y  and confidence is 
es tab l i shed  i n  the  r eusab i l i t y  and su rv ivab i l i t y  of t h e  hardware, 
these t e s t s  can be reduced o r  eliminated except f o r  r e t e s t .  Trend 
data should be recorded on the  component performance t o  e s t a b l i s h  
prese 2 of gradual parametric degradation and t o  gather  statisti- 
c a l  da t a  on expected component l i f e t imes  . 
Ptajor recovery s y s t e m  objec t ives  of t he  s i x  f l i g h t s  a re :  

1)  v e r i f i c a t i o n  of recovery system and SRB compatibi l i ty  i n  t h e  
checkout, launch, and recovery environments; 

2) demonstration of nose cap and frustum mechanical separa t ion ;  

3) demonstration of parachute performance and capab i l i t y  of 
a t t a i n i n g  an SRB water impact wi th in  spec i f i ed  conditions; 

4) qua l i f i ca t ion  of t he  recovery system f o r  opera t iona l  use by 
demonstrations i n  a c t u a l  use; 

5 )  v e r i f i c a t i o n  of r e t r i e v a l  systems operat ions;  

6 )  demmstrat ion of re furb ish ing  capab i l i t y  and opera t iona l  use 
of refurbished SRE recovery components ; 

Unless f l i g h t  t e s t i n g  reveals  t he  necess i ty  t o  modify t h e  para- 
chutes, equipment, o r  tLme sequence of recovery, a l l  s i x  f l i g h t s  
from the  SRB recovery system standpoint  w i l l  b e  near ly  i d e n t i c a l .  
A grea t  dea l  of confidence w i l l  be  gained concerning t h e  opera- 
t j o n a l  s u i t a b i l i t y ,  recovery, and refurbishment of t h e  recovery 
system a f t e r  successful  completion of t h e  s i x  DDTSE f l i g h t s ,  and 
the sys t an  w i l l  be c e r t i f i e d  f o r  opera t iona l  use. 



MANUFACTURING P M  

SRB recovery system elements w i l l  be manufactured using a plan 
tha t  encompasses s implif ied tooling, state-of-the-art processes, 
maximum usage of exis t ing  f a c i l i t i e s ,  and proven manufacturing 
techniques to  provide lowest program cost .  This mnufacturing 
plan is described i n  t h i s  sect ion.  

The SRB recovery system manufacture w i l l  involve fabr ica t ion  of 
sheet metal s t ruc tu re ,  parachutes, e l ec t ron ic  timers, beacons, 
cables, l igh t s ,  b a t t e r i e s ,  ordnance, atid s i d l i a r  item. It w i l l  
a l so  includs major r epa i r  and refurbishment of these elements. 
Insofar a s  possible the  goal w i l l  be t o  use ex i s t ing  f a c i l i t i e s ,  
ex i s t ing  equipment,. ex i s t ing  processes, proven techniques, and a 
minimum of spec ia l  tooling. 

The most cost-effective and producible iesign can b e  a t ta ined by 
coordinated e f f o r t s  by Manufacturing and Engineering t o  ident i fy  
the process and techniques tha t  w i l l  r e s u l t  i n  high qual i ty ,  mini- 
uum cost  hardware. Design reviews a r e  t o  be  held periodical ly t o  
interchange manufacturing and design know-how and plans. Nanu- 
facturing, Qual i ty ,  and Tooling w i l l  review plans, designs, and 
schedules, analyze a l t e rna t ive  approaches, and make recommendations 
t o  reduce cos t ,  schedule, and technical  r i sk .  

S t ructura l  pa r t s  and subassemblies w i l l  be fabricated a t  a faci- 
l i t y  famil iar  with design and fabr ica t ing  of t h i s  type of hard- 
ware. The same philosophy holds t rue  fo r  t h e  avionics and para-. 
chutes. The ordnance w i l l  be supplied by a i  ordnance manufacture:. 
I n  production, t e s t ing  w i l l  be accompli4hed a t  eaih s t age  of 
maaufacture and each hardware assembly w i l l  b e  acceptance t e s t ed  
w i n g  simulators,  gages, and i n t e r f  ace dimensional ve r i f i ca t ions  
before delivery t o  f i n a l  assembly site. The test plan w i l l  be 
designed t o  provide environmental tests, with each subsequent test 
building on the  r e s u l t s  of the  past ,  f o r  pos i t ive  assurance of 
acceptable workmanship. 

Figures 7.3-1 and 7.3-2 show the  general manufacture of t h e  major 
SRB recovery system elements and system f i n a l  assembly and check- 
out,  launch, recovery, disassembly, refurbishment, and repair .  
The typica l  flow is described i n  the  following paragraph. 



The s t r u c t u r a l ,  avionics ,  parachutes, and ordnance elements w i l l  
be received a t  the f i n a l  assembly area.  Ordnance w i l l  b e  routed 
to an ordnance s torage  area. The remaining hardware w i l l  be  as- 
sembled i n t o  a SRB recovery system and a system t e s t  and cheek- 
out performed. This system w i l l  then be moved t o  SRB assembly 
f a c i l i t y  and mated with the s o l i d  rocket booster .  The ordnance 
may e i t h e r  be i n s t a l l e d  a t  t h i s  time o r  j u s t  before mating. A 
f i n a l  complete system t e s t  w i l l  be run with t h e  ordnance in s t a l l ed .  

Fo l lw ing  the recovety of t he  s o l i d  rocket booster  and t h e  re- 
covery system, the components of t h e  recovery system w i l l  b e  re- 
ceived a t  t he  recovery /refurbishment f a c i l i t y  . The parachutes,  
nose cone, and forward frustum w i l l  be  brought i n  from the  recovery 
sh ip  while the forvard s k i r t ,  swivel,  avionics ,  cabl ing,  and the 
cohonents  a t tached t o  the SRB w i l l  be  received from the  SRB dis -  
assembly area. 

The recovery system w i l l  be  disassembled ant  t he  parachutes washed 
and dried t o  an acceptable salt  leve l .  The parachutes, a f t e r  
drying, w i l l  b e  examined and, i f  repa i rab le ,  w i l l  be routed t o  
t h e  parachute refurbishment f a c i l i t y  where the  chutes w i l l  b e  re- 
paired,  then reassembled, tes ted  , and packed by the  same methods 
used i n  the  manufacture, assembly, t e s t ,  and packing of a new . 
chute. The refurbished parachutes then retun? t o  t h e  same assem- 
bly flow as  a new chute. The avionics  ... ill be  disassembled t o  
black-box l e v e l ,  and i f  a sea led  assembly, a complete func t iona l  
test run a f t e r  the e x t e r i o r  has undergone a complete cleaning. 
I f  repa i r  of t h i s  assembly is required, i t  w i l l  be routed t o  t he  
manufacturing f a c i l i t y  where it w i l l  b e  disassembled and repa i red  
under the  same conditions and tests given t h e  o r i g i n a l  assembly. 

The s t r u c t u r a l  subasssmblies w i l l  b e  cleaned disassembled, and 
fnspected. This  inspect ion w i l l  include 'dimensioned inspect ion,  
v i sua l  and, i f  required, x-ray and mabaetic p a r t i c l e  inspect ion.  
I f  only minor r epa i r  and r e f in i sh ing  i s  required, t h i s  could be 
accomplished a t  the refurbishment f a c i l i t y ;  any major r e p a i r  w i l l  
be  accomplished a t  t h e  manuf accuring f a c i l i t y .  The swivel w i l l  
require  complete disassembly t o  remove a l l  s a l t  water contamina- 
t ion ,  cleaning, lubr ica t ion ,  and reassemby. This  w i l l  probably 
be accomplished at the  refurbishment f a c i l i r y .  

A l l  the handling and test equipment, e t c  used a t  t h e  refurbishment 
f a c i l i t y  w i i r  be ground support equipment, most of which w i l l  be  
designed and fabr ica ted  f o r  its spec ia l ized  function. However, 
whenever t h a t  commercial equipaent w i l l  accomplish t h e  Function, 
i t  w i l l  be  spec i f ied  and used. 



- 
Figure 7.3-1 Mmufacturing F h  - Factoq 



1 - - I 

F;+ure 7.3-2 Manufactur%ng FZm - Launch and Refurbishment 



I n  general ,  a s  can be  seen  from the flow cha r t s  i n  Figure 7.3-1, 
the refurbishmentlrepair  w i l l  be  accomplished by t h e  manufacturer 
with t he  exception of those u n i t s  requi r ing  only c l e ~ n i n g  , t e s t i n g  , 
and re f in i sh ing .  To maintain uniformity between new and refur-  
bished hardware, i t  would be d e s i r a b l e  t o  use the  same f a c i l i t y  
for  r e p a i r ,  assembly, t e s t i n g ,  and p ~ c k i n g  of t h e  refurbished 
chutes,  and t h e  assembly, t e s t i n g ,  and packing, of new chutes.  
Thus, a f t e r  r epa i r  and acceptance. a l l  recvcled elements of t h e  
recovery system flow i n t o  the  norma.'- production/assembly cycle  
and go th r .~ugh  the same acceptance t e s t s ,  assembly, and syster .  
checkout a s  new hardware. 

7.3.1 Fabricat ion 

S t r u c t u r a l  p a r t s  w i l l  be  of two main types: (1) shee t  metal t e s t  
asseinblies such a s  t he  nose cone, frustum, and forward s k i r t ,  and 
(2) machined p a r t s  such a s  t he  swivel ,  and component housings. 
These w i l l  be f ab r i ca t ed  i n  a f a c i l i t y  equipped f o r  mechanical 
f ab r i ca t i on  and assembly. A t  assembly, l ay ing  sur faces  and fas-  
t eners  w i l l  receive a s e a l a n t  t o  prevent corrosion and a f t e r  as-  
sembly the e n t i r e  assembly w i l l  r ece ive  corrosion pro tec t ion .  

TooZinj Approach - Production too l ing  fo r  SRB recovery system 
elements w i l l  general ly  be  "hard" t oo l ing  due t o  t he  l a rge  number 
of u n i t s  t o  be fabr ica ted ,  product complexity, and mater ia l s .  
Tooling w i l l  be  a s  simple a s  poss ib le  and innovations w i l l  be  
incorporated t h a t  w i l l  reduce production cos t s  through more e f f i -  
c i en t  f ab r i ca t i on  techniques. Development too l ing  w i l l  be de- 
signed for  aiinimal conversion f o r  production use. Interchangeable 
i n t e r f a c e s  w i l l  be  cont ro l led  by numerical cont ro l ,  gages, and 
pos i t i ona l  to le rance  where considered c o s t  e f f e c t i v e .  Tooling 
m l t i p l e s  w i l l  be held t o  a minimum f o r  s t a r t u p  and introduced 
as program requirements d i c t a t e .  Handling equipment w i l l  pro- 
vide f o r  in-process handling. Test  too l ing  f o r  i n t e r f a c e  and in- 
t eg ra t i on  elements w i l l  general ly  b e  hard too l ing  f o r  reasons of 
qrJantity. "Soft" test too l ing ,  i.e., commercial equjpment with 
too l  adapters ,  w i l l  be w e d  t o  test items of l imi ted  quancity,  
complexity, and program o r  m i s ~ i o n  impact. 



7.4 OPERATIONS PLAN 

F i n a l  assembly and checkout of t h e  SKB recovery system w i l l  be 
accomplished a t  a c e n t r a l  i n t e g r a t i o n  f a c i l i t y .  The recovery 
system w i l l  b e  checked out  and t e s t e d  a t  both t h e  module segment 
and assembled SRB l e v e l  be fore  mating t o  t h e  e x t e r n a l  tank (ET). 
The system w i l l  aga in  be v e r i f i e d  on t h e  launch pad before  launch. 
Af te r  recovery,  t h e  SRB recovery system w i l l  be  disassembled and 
refurbished f o r  t h e  nex t  usage. 

7.4.1 Assembly and Checkout 

The s t r u c t u r e ,  a v i o n i c s ,  parachute  system, and ordnanco w i l l  b e  
received from t h e  aanufac tu r ing  o r  refurbishment sit  . i n  t h e  
SRB Assembly and Checkout F a c i l i t y .  These subsyst6 ..; w i l l  have 
undergone acceptance t e s t i n g  before  shipment t o  t7ie launch s i t e .  
The nose cap,  parachute  system, forward and a f t  frustum, forward 
s k i r t ,  and recovery a v i o n i c s ,  a long w i t h  t h e  remainder of t h e  
SRB system, w i l l  be i n s t a l l e d  o r  assembled i n t o  t h e  va r ious  seg- 
ments of t h e  SRB. Ordnance w i l l  no t  be i n s t a l l e d  a t  t h i s  t i m e .  
System f u n c t i o n a l  checks w i l l  h e  performed on t h e  segments as 
shown i n  Figure  7.4-1. 

The b u i l t  up SRB segments w i l l  then b e  moved ' t o  t h e  VAB In tegra -  
t ion  C e l l  f o r  v e r t i c a l  s t a c k i c g  and f i n a l  assembly of t h e  SRB. 
4t t h i s  p o i n t ,  f i n a l  i n s t a l l a t i o n s ,  al ignment,  l eak  checks,  e lec -  
t r i c a l  checkout and power-on t e s t s  w i l l  be performed. A f t e r  in -  
t e r f a c e  v e r i f i c a t i o n ,  t h e  ET is msted t o  t h e  SRB and a l igned.  
The O r b i t e r  i s  then mated and a f t e r  power-on i n t e r f a c e  t e s t s  and 
ordnance i n s t a l l a t i o n ,  t h e  t o t a l  assembly is ready t o  be  t r ans -  
ported t o  t h e  launch pad (Fig.  7.4-2). 

7.4.2 Launch 

As can b e  seen i n  F i sure  7.4-2, launch opera t ions  a t  t h e  launch 
pad f o r  t h e  SRB recovery system a r e  minimal. E l e c t r i c a l  checks 
of t h e  recovery system w i l l  be performed dur ing  t h e  f i n a l  launch 
read iness  v e r i f i c a t i o r - .  A f i n a l  power check w i l l  be made dur ing  
t h e  countdown. 

7.4.3 Refurbish and Repair  

Af te r  wa te r  r e t r i e v a l  and r e t u r n  t o  t h e  launch s i t e  by s h i p ,  the  
recovered SRB w i l l  b e  t r anspor ted  wi th  t h e  parachute  assembly t o  
the  Disassembly Area. A t  t h i s  Fac:lity t n e  SRB w i l l  be d i sas -  
sembled a s  shown i n  Figure  7.4-3. 
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The parachutes w i l l  then be  t r anspor ted  t o  t h e  Parachute  Refur- 
Sislment F a c i l i t y  where they w l l l  be defouled,  washed, d r i e d ,  
and inspected t o  d e t e r n i n e  t h e  refcrbishment  requirements.  Fol- 
lowing r e p a i r  and refurbishment (Fig.  7.4-4), t h e  parachutes  w i l l  
e n t e r  tile pack and r i g  a r e a ,  where they w i l l  be r igged and packed 
i n  t h e i r  deployment bags t o  t h e  same procedcres and p rocesses  
used f o r  new b u i l d  parachutes .  A f t e r  f i n a l  i n s p e c t i o n ,  t h e  packed 
parachutes  a r e  e i t h e r  s t o r e d  i n  an environmental  c o n t r o l l e d  a r e a  
o r  t r anspor ted  t o  t h e  launch s i te  f o r  use .  

The s t r u c t u r a l  and a v i o n i c s  components w i l l  be  disassembled.  The 
av ion ics  w i l l  be disassembled t o  component, module and c a b l e  l e v e l ,  
and s t r u c t u r e  t o  assembly l e v e l .  The swivel  and o t h e r  moveable. 
components w i l l  be disassembled t o  make s u r e  a l l  s a l t  water resi- 
due is removed. S t r u c t u r e ,  swive l ,  and components w i l l  be inspec ted  
f o r  damage, d i s t o r t i o n  o r  f r a c t u r e ,  t o  determine s u i t a b i l i t y  f o r  
r e p a i r .  llinor r e p a i r  and rework w i l l  be accomplished i n  t h e  re- 
furbishment area. Yajor r e b u i l d  w i l l  be accomplished a t  t h e  manu- 
f a c t u r i n g  loca t ion .  X f u n c t i o n a l  flow is presented i n  F igures  
7.4-5, -6, and -7. 

Avionics components w i l l  be  s u b j e c t e d  t o  a p p r o p r i a t e  checkout 
( v i b r a t i o n ,  f u n c t i o n a l ,  c o n t i n u i t y ,  temperature cyc l ing)  t o  de- 
termine need f o r  r e p a i r .  Again major rework of a b lack  box w i l l  
t ake  p lace  a t  t h e  manufacturing l o c a t i o n .  

As .I p a r t  of refurbishment,  a l l  compoDents and assemblies  w i l l  
r e t u r n  t o  t h e  f i n a l  assembly and checkout a r e a  and go through t h e  
same assembly and checkout as a new system. 

7.5 LOGISTICS PLAN 

The s o l e  purpose f o r  t h e  SR% Recovery System is t o  reuse  expended 
SIZE hardware and reduce S h u t t l e  c o s t s .  The recovery system l o g i s -  
t i c s  t a s k  is t o  minimize t h e  ownership c o s t s  r equ i red  f o r  suppor t  
and c o n t r i b u t e  toward r e a l i z a t i o n  of a c o s t - e f f e c t i v e  recovery 
system. The Space S h u t t l e  Program Integrated Logistics Asquire- 
rzxts document (JSC 07700 Volume XII) e s t a b l i s h e s  Level I1 pro- 
gram d e f i n i t i o n  and requirements and has  been used as t h e  b a s i s  
f o r  our l o g i s t i c s  planning e f f o r t .  It is envis ioned t h a t  MSFC 
w i l l  implement t h e  Level I1 requirements through a SRB I n t e g r a t e d  
L o g i s t i c s  Support Plan t h a t  w i l l  apply t o  a l l  elements of t h e  SRB 
system, inc lud ing  t h e  recovery system. Figure  7.5-1 is a l o g i s -  
t i c s  requirements t r e e  which is provided t o  i l l u s t r a t e  two p o i n t s  
regarding SRB l o g i s t i c s  management. 
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1) Thr SRE In tegra ted  L o g i s t i c s  Support Plan is the  keystone i n  
es tabl ishment  and implementation of a  c o s t - e f f e c t i v e  suppor t  s y s -  
tem. This  plan should ensure  t h a t  a l l  SRB element c o n t r a c t o r s  
a r e  providing suppor t  f e a t u r e s  i n  t h e i r  hardware and developing 
suppoi t  p lans  t h a t  a r e  compatible wi th  one another  and the  over- 
a l l  SRB su?por t  concept.  

2)  Except f o r  the  SRN, i n d i v i d u a l  l o g i s t i c s  p lans  a r e  not  rec- 
ommended f o r  each SRB element;  i . e . ,  s t r u c t u r e s ,  a v i o n i c s ,  TVC, 
and recovery.  Logis: - s  requirements can be e f f e c t i v e l y  imple- 
mented a s  a  p a r t  of each c o n t r a c t o r ' s  management p lau and thereby 
reduce documentation c o s t s .  

The remaining paragraphs of t h i s  s e c t i o n  i d e n t i f y  t h e  s i g n i f i c a n t  
l o g i s t i c s  suppor t  c o n s i d e r a t i o n s  f o r  the  recovery system and pre- 
s e n t  our p lans  f o r  t h e  s e l e c t e d  system. 

7 .5 .1  L o g i s t i c s  Support Considera t ions  

Based upon a n a l y s i s  of an  SRB r e c o v e r -  system f u n c t i o n a l  f low,  
refurbishment is  the  most s i g n i f i c a n t  d c t i v i t y  from a  l o g i s t i c s  
viewpoint .  Fefurbishment i s  a  r e c u r r i n g  t a s k  wi th  a  knc:n f r e -  
quency of occurrence,  a s  opposed t o  the  requirement f o r  correc-  
t i v e  maintenence i n  suppor t  of receipt-t3-launch opera t ions  
which i s  based on a n t i c i p a t e d  f a i l u r e s .  This  f a c t  makes re fu r -  
bishment the  d r i v e r  f o r  es tabl ishment  of maintenance and r e p a i r  
concepts and suppor t  r e sources .  We have, t h e r e f o r e ,  concen t ra ted  
our l o g i s t i c s  p lanning e f f o r t  dur ing  t h i s  s tudy  on suppor t  of 
refurbishment.  A d i s c i p l i n e d  approach t o  es tabl ishment  of r e f u r -  
bishment requirements and resources  is shorn i n  Figure 7.5-2. 

The f i r s t  s t e p  i n  t h e  process  is  es tabl ishment  of  b a s i c  mainte- 
nance concepts inc lud ing  i n i t i a l  i d e n t i f i c a t i o n  of l i n e  replace-  
a b l e  u n i t s  (LRU). This  t a s k  should be  i n i t i a t e d  i n  p a r a l l e l  
wi th  the  system d e f i n i t i o n  and pre l iminary  des ign  e f f o r t  i n  o rde r  
t o  in f iuence  t h e  des ign wi th  s u p p o r t a b i l i t y  f e a t u r e s .  

A f t e r  i n i t i a l  i d e n t i f i c a t i o n  of LRUs, a  r e u s ~ b i l i t y  d e c i s i o n  is 
requ i red  on each i t em based upon u n i t  c o s t ,  type  of i t em involved,  
and a n t i c i p a t e d  a t t r i t i o n  r a t e .  This  is a  f e a s i b i l i t y  d e c i s i o n  
t h a t  is made without b e n e f i t  of d e t a i l e d  des ign  Informat ion o r  
maintenance engineer ing d a t a .  Q u e s t i o n a ~ l e  i tems should  be se-  
l e c t e d  f o r  reuse  and f u r t h e r  a n d y s i s  r a t h e r  than e l i m i n a t i o n  
f o r  cons ide ra t ion  st t h i s  point.. Planning f o r  replacement p a r t s  
f o r  i tems i d e n t i f i e d  a s  not  re.usablc should cons ide r  launch r a t e ,  
l i f e  l i m i t a t i o n s ,  economical I.ot s i z e s ,  and s t a b i l i t y  of des ign.  
Items i d e n t i f i e d  f o r  r euse  must be  analyzed t o  e s t a b l i s h  r e t e s t  
and i n s p e c t i o n  c r i t e r i a  t c  2 s t a b l i s h  serviceabi1i t .y .  



Afte r  t h e  r e t e s t  and inspec t ion  c r i t e r i a  has been e s t a b l i s h e d ,  a 
d e c i s i o n  is requ i red  on where t h i s  func t ion  w i l l  be performed-- 
launch si te o r  t h e  s u p p l i e r ' s  f ac to ry .  The e x t e n t  of new f a c i l -  
ities and s p e c i a l  test equipment w i l l  b e  t h e  d r i v e r  on t h i s  de- 
c i s i o n .  This  is a prime example of t h e  importance of in tegra -  
t i o n  of SRB recovery system reqvirez.ents wi th  o t h e r  SRB and Space 
S h u t t l e  elements;  a dec i s ion  based s o l e l y  o n  recoverv s ) - z : ~  re- 
quirements may i n d i c a t e  t h a t  s i t e  r e t e s i  is nnc c o s t  e f f e c t i v e ,  
whereas an i n t e g r a t e d  d e c i s i o n  r qy i d e n t i f y  enough common requ i re -  
nen t s  t o  j u s t i f y  s i te  r e t e s t  and reduce o . . e ra l l  program c o s t s .  
' f ie  r e t e s t  l o c a i i o n  d e c i s i o n  is c l o s e l y   elated t o  the  r e f u r b i s h -  
ment loca t ion  dec i s ion ,  f u r t h e r  downstream i n  t h e  flow, and re- 
q u i r e s  i t e r a t i o n  t o  select the  b e s t  approach. 

The next d e c i s i o n  is t o  e s t a b l i s h  the  d i s p o s i t i o n  aE items t h a t  
f a i l  r e tes t - -e i the r  vefurbishment o r  sc rap .  The conra r i son  of 
refurbishment c o s t  t o  replacement c o s t  is t h e  d r i v e r  f o r  t h i s  
dec i s ion ;  our  c a r r e n t  p lanning is t h a t  i t ems  wi th  an average 
es t imated refurbishment c o s t  of 65X o r  more w i l l  not  be  :,onsid- 
e red  f o r  refurbishment.  

Items s z l e c t e d  f o r  f a c t o r y  r e t e s t  and subsequent refurb:shment 
w i l l  not  be  considered f o r  refurbishment a t  s i te  because t t  
w u l d  r e q u i r e  d u p l i c a t i o n  o f  f a c i l i t i e s  and equipment f o r  r e t e s t  
t o  e s t a b l i s h  cond i t ion  and acceptance t e s t i n g  a f t e r  r e f u r b i s h -  
r a n t .  Items s e l e c t e d  f o r  s i te  retest and sxosequent re fu rb i sh-  
ment present  t h e  f i n a l  d e c i s i o n  i n  t h e  process  i n  o r d e r  t o  d e t e r -  
mine where t h e  refurbishment should be accomplished. This  is a 
c r i t i c a l  d e c i s i o n  and requ1:es a comprehensive maintenance engi-  
neer ing a n a l y s i s  and a i radeof  f of a l t e r n a t i v e s  based on c o s t .  
There a r e  e s s e n t i a l l y  two a l t e r n a t i v e  l o c a t i o n s  available---launch 
site o r  s u p p l i e r ;  however, a d e c i s i o n  f o r  launch si te I--furbish- 
ment can be d e f e r r e d  u n t i l  a f t e r  t h e  DDTdE f l i g h t s  i n  o. n r  t o  
01 t a i n  f i e l d  test da ta .  I n  t h i s  case, op t ions  should be negc t i -  
a t e d  wi th  the  s u p p l i e r  f o r  t o o l i n g  a v a i l a b i l i t y ,  t e c h n i c a l  d a t a ,  
a d d i t i o n a l  u n i t s  o r  r e p a i r  p a r t s  and overhaul  c a p a b i l i t y  ( s h o r t  
and long t e r n ) .  A f i n a l  d e c i s i o n  should b e  made and i m p l e m e n t r  
before  t h e  end o f  t h e  scheduled product ion run i n  o r d e r  t o  exer-  
cise t h e  necessary  op t ions  and prevent excess ive  implementation 
COS ts . 
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7.5.2 Spares and Supply Support 

Replacement p a r t s  and mater ia l s  w i l l  be required t o  support main- 
tenance and refurbishment operations.  For purposes of i d e n t i f i -  
ca t ion ,  these items a r e  categorized as spares ,  refurbishment 
p a r t s ,  and bulk items. 

Spares cons i s t  of l i n e  replaceable  u n i t s  (LRU) , shop replaceable 
mits (SRU) , and r epa i r  p a r t s  t h a t  a r e  required t o  support pre- 
vent ive and cor rec t ive  maintenance operat ions a t  organizat ional ,  
intermediate and depot maintenance leve ls .  Spares w i l l  be pro- 
vided by separa te  provisioning a c t i o l  i n  addi t ion  t o  production 
and refurbishment pa r t s .  

Refurbishment p a r t s  cons i s t  of thcse  items required a t  t h e  launch 
site o r  a supp l i e r ' s  factory i n  6 i r e c t  support of refurbishment 
operations.  Refurbishment p a r t s  w i l l  be  provided as a p a r t  of a 
production o r  refurbishment cont rac t  based upon t h e  number of 
an t i c ipa t ed  refurbishments. 

Bulk items cons i s t  of those standard p a r t s  and raw mater ia l s  
(i .e . , b o l t s ,  nu ts ,  washers, wire ,  tape, paint)  t h a t  a r e  required 
i n  support of maintenance and refurbishment operations.  Bulk 
items required a t  t he  launch s i t e  w i l l  b e  suppl ied by NASA from 
a cent ra l ized  common inventory. 

A maintenance engineering ana lys is  (MEA) w i l l  b e  performed t o  
i den t i fy  the  type, l e v e l ,  and loca t ion  of maintenance and the  
requirements f o r  t h e  necessary supporting resources,  i .e . , spares ,  
maintenance f a c i l i t i e s  and equipment, t echnica l  da ta ,  and person- 
n e l  s k i l l s .  Based upon MEA requirements, spares  q u a n t i t i e s  and 
s tocking loca t ions  w i l l  b e  determined and the  provisioning proc- 
ess i n i t i a t e d .  Whenever f ea s ib l e ,  production and refurbishment 
items w i l l  be  used t o  defer  t he  procurement of spares  and thereby 
reduce t h e  cos t  o: xovid ing  and maintaining spares .  

A l imi ted  quant i ty  of s e l ec t ed  LRUs a r e  planned t o  support organ- 
i z a t i o n a l  maintenance with backup provided by the  "next vehicles" 
hardware f o r  spares  depth and insurance items. 

Intermediate and depot l e v e l  maintenance w i l l  be  accomplished 
using the  same turnaround cyc le  and resources establ ished f o r  
component refurbishment. This approach prevents establishment 
of dua l  inventor ies  (one f o r  r e p a i r  and one f o r  refurbishment) 
and allows f o r  provisioning SRUs and r epa i r  p a r t s  on an as-used 
bul l s .  

PWEDIh'G PAGE BLANK NUl! FILblED 



7.6 FACILITIES PLAN 

A s i g n i f i c a n t  f ac to r  i n  the s e l e c t i o n  of t he  base l ine  approach 
is the use of e x i s t i n g  f a c i l i t i e s  and i d e n t i f i c a t i o n  of new f a c i l -  
i t i e s  t ha t  can e f f e c t i v e l y  support t he  recovery system during ?.he 
development and q u a l i f i c a t i o n  t e s t i n g  phases of t he  S h u t t l e  SRB 
Program and the  opera t iona l  SRB refurbishment phases. Since t he  
base l ine  recovery system configurat ion employs the use of a s in -  
gle  p i l o t  and a s i n g l e  main chute,  the  l o g i s t i c s  and t h e  f a c i l i t y  
impact aspects  a r e  minimal when compared t o  dece le ra tor  concepts 
requir ing add i t i ona l  chutes o r  s o l i d  motor dece le ra tor  systems. 
I n  any event ,  f a c i l i t y  cos t s  w i l l  have a s i g n i f i c a n t  impact on 
the a t t r i b u t e s  of t h e  recovery system se lec ted .  I n  the  opera- 
t i o n a l  and refurbishment phase, major emphasis must be  focused 
on optimizing the  c a p a b i l i t i e s  of t he  f a c i l i t y  t o  meet opera t iona l  
and refurbishment demands imposed by the  presen t ly  defined launch 
r a t e  of 60 launches maximum per  year.  

Cost and t i m e  assoc ia ted  with hardware recycle  are dependent upon 
the  s e l e c t i o n  of processing loca t ions  and Figure 7.6-1 is provided 
a s  a f a c i l i t y  func t iona l  flow of SRB recovery subsystem and an 
approach t o  optimize t h e  recovery f a c i l i t i e s  required f o r  support 
of t he  IJTR and KSC opera t iona l  plan. 

The key t o  opt imizat ion of f a c i l i t i e s  is a c e k r a l  processing 
f a c i l i t y  f o r  parachute refurbishment. Further  s tudy is required 
t o  equate the  t r anspo r t a t i on  cos t s  and t h e  l o g i s t i c s  involved i n  
processing parachutes from WTR launches; however, preliminary 
i nd i ca to r s  show t h a t  a s i g n i f i c a n t  cos t  savings can be r ea l i zed  
by providing a s i n g l e  f a c i l i t y  f o r  t h i s  purpose. 

I n  the i n t e r e s t  of parachute r i g  and pack accountab i l i ty ,  i t  
would be des i r ab l e  t o  have a l l  the  parachutes,  new and refur-  
bished, processed a t  a s i n g l e  f a c i l i t y .  Because t h e  de l ive ry  
r a t e  of new parachutes per  year  is low (5 t o  10 sets pe r  year)  
and the refurbishment quant i ty  is of t he  order  of 115 sets per  
year ,  t h i s  would i n d i c a t e  t h a t  i t  vould b e  des i r ab l e  t o  have 
these operat ions performed a t  t he  same f a c i l i t y .  
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7.6.1 Test F a c i l i t i e s  

Supplier f a c i l i t i e s  and equipment w i l l  be used t o  the naximum ex- 
t en t  possible  t o  develop and t o  provide acceptance tests on SUB 
recovery components. Determination of what equipment is required 
a t  each supp l i e r  f a c i l i t y  t o  comply with development t e s t i n g  and 
acceptance t e s t i n g  should be undertaken i n  a cos t -e f fec t ive  ap- 
proach t o  provide l i k e  GSE f o r  s imi l a r  functions a t  the opera- 
t i o n a l  sites during re furb ish  a c t i v i t y .  The objec t ive  is  to.mini- 
mize the va r i e ty  of t e s t  eqvipment required a t  the  supp l i e r ' s  
f a c i l i t y  and a t  the opera t iona l  s i t e  fo r  maintenance and check- 
out of the SRB recovery components and subassemblies. 

Table 7.6-1 ind ica tes  the f a c i l i t i e s  t ha t  w i l l  be used during 
the development and q u a l i f i c a t i o n  t e s t i n g  of the  recovery system. 
A l l  of these f a c i l i t i e s  a r e  i n  exis tence.  Some f a c i l i t i e s ,  how- 
ever ,  map requi re  modification o r  o u t f i t t i n g  with new equipment. 

7.6.2 - Refurbish and Repair F a c i l i t y  

A parachute refurbishment f a c i l i t y  is required t o  prepare the  
recovered SRE parachures f o r  reuse. The parachute f a c i l i t y  must 
be of adequate proportions and equi-ed t o  support t he  base l ine  
of 40 Shu t t l e  launches per year a t  Kennedy Space Center and pend- 
ing the r e s u l t s  of fu r the r  t rade  s tud i e s ,  the  f a c i l i t y  should 
have the increased capab i l i t y  t o  support 20 S h u t t l e  launches per 
year a t  WTR. The number of parachutes t o  be processed a t  t h i s  
f a c i l i t y  w i l l  be  a maximum of 120 main chutes and 120 p i l o t  chutes 
per year ,  including 40 main chutes and 40 p i l o t  chutes from WTR. 
These numbers represent  t he  baselined SRM recovery system, and 
i t  must be pointed out t h a t  f a c i l i t y  c o s t s  w i l l  i s c r e a s e  with t h e  
number of add i t i ona l  chutes t o  be processed should a dece le ra tor  
system using multichutes be chosen. 

I f  a parachute f a c i l i t y  is s i t e d  a t  KSC, i t  would be necessary 
t o  bu i ld  a new f a c i l i t y  s i n c e  no ex i s t i ng  f a c i l i t i e s  a r e  ava i l -  
able  for  t h i s  case (KSC document TR-1177). 

The sequence of refurbishment operat ions t o  be  performed is shown 
i n  Figure 7.4-4, Parachute Systm Refurbishment FunctionaZ Flow 
and Figure 7.4-6. Main Chute Attach Harduare Refurbishment Func- 
tional Flm. 
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A refurbishment work plan is  presented i n  Figure 7.6-2. Based 
on a  2-shiftI5-day week t h i s  p lan  i n d i c a t e s  a  10-day p rocess ing  
cyc le  per  chute .  Note t h a t  the  r e p a i r  and r i g  and pack t a s k s  a r e  
t h e  major l i m i t i n g  f a c t o r s  i n  t h e  schedul ing of chute  r e f u r b i s h -  
ment. To process  an expected maximum of 240 chutes  pe r  year  on 
a  2-shift15-work day week w i l l  r e q u i r e  a  minimum of f o u r  r i g  and 
pack s t a t i o n s  and t h r e e  r e p a i r  s t a t i o n s .  

A conceptual  f a c i l i t y  t o  meet the  parachute  system refurbishment 
requirements is  shown i n  Figure  7.6-3. Estimated c o s t s  f o r  such 
a  f a c i l i t y  a r e  shown i n  Table 7.6-2. 

,"ab l e  7.6-2 Estimated Costs j3r P a m c h ~ t e  Fa& Zi t 2  

SIZE, F T ~  TRAFFIC, SETSIYR MENlSHlFT NO. SHIFTS FACILITY COST . 
40,400 40 26 1 $2,925,000 
40,400 80 26 2 $2,925,000 
54,600 120 36 2 $3,969,000 

7.6.3 Storage 

3nly a  smal l  environmental ly  c o n t r o l l e d  a r e a  w i l l  be needed f o r  
s t o r a g e  of  t h L  parachute  system. Th i s  s t o r a g e  a r e a  would be ap- 
proximately t h e  same whether the  parachutes  were s t o r e d  i n  t h e  
packed o r  unpacked co:idition. Flow schedule  should be a d j  u s t e d  
t o  minimize packed s t o r a g e  t ime. 
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8.0 CONCLUSIONS AND PECOFCfEt.IDATIONS 

8.1 CONCL~IS TOXS 

The p r i n c i p a l  o b j e c t i v e s  of t h i s  s tudy  were t o  determine t h e  
underlying requirements f a r  an SRS recovery subsystem, and t o  
formulate p re l iminary  des ign concepts  s a t i s f y i n g  those  requ i re -  
ments. Since t h e  s i n g l e  most important c r i t e r i o n  i n  both of 
t h e s e  t a s k s  was t o  achieve t h e  lowest  t o t a l  program c o s t s ,  we 
attempted t o  i s o l a t e ,  i n s o f a r  a s  p o s s i b l e ,  t h e  s u b j e c t i v e  and 
contingency a s p e c t s  of t h e s e  t a s k s  from t h e  b a s e l i n e  des ign 
approach. Tn t h i s  manner, we e s t a b l i s h e d  a c o s t  b a s e l i n e  f o r  a 
minimum c o s t  recovery subsystem based on t h e  b e s t  a v a i l a b l e  d a t a  
f o r  SRB aerodynamic c h a r a c t e r i s t i c s  and water  impact loads ,  
inc lud ing  no contingency f a c t o r s  t o  o f f s e t  u n c e r t a i n t i e s  i n  t h e s e  
d a t a .  Th i s  approach a l lows eva lua t ton  o f  t h e  program c o s t  in- 
crements a r i s i n g  from each cont ing ncy o r  s u b j e c t i v e  requirement 
and design dec i s ion .  

The minimum c o s t  b a s e l i n e  r e s u l t i n g  from t h i s  approach is s u b j e c t  
t o  two types  of u n c e r t a i n t i e s ,  o r  des ign  r i s k s :  

1) t h e  q u a l i t y  o f  environmental  da rh  upon which requirements 
are based : 

2) s u b j e c t i v e  u n c e r t a i n t i e s  r e l a t i n g  t o  t h e  state of t h e  art 
and design r i s k  a s s o c i a t e d  with t'le v a r i o u s  d e c e l e r a t o r  
elements of t h e  recovery subsystem. 

We have i d e n t i f i e d  ccincerns regarding t h e  completeness, accuracy,  
and a p p l i c a b i l i t y  of t h e  d a t a  used f o r  t h e  requirements ana lyses ,  
suggested methods f o r  r e s o l v i n g  tkese  concerns,  and es t imated  
t h e  impacts t h e s e  u n c e r t a i n t i e s  could have on recovery system 
design and program c o s t s .  In  those  a r e a s  of concern r e l a t i n g  
t o  s t a t e  of t h e  ar t  o r  des ign r i s k  of an element i n  t h e  s e l e c t e d  
pre l iminary des ign (such a s  main chu te  s i z e ,  requirement f o r  a 
drogue chute ,  e t c ) ,  we have assessed  t h e  des ign impacts and pro- 
gram c o s t s  r e l a t e d  t o  a contingency a77roach. Parametr ic  c o s t  
r e s u l t s  and design a l t e r n a t i v e s  are provided t o  p e m i t  evalua- 
t i o n ,  from a r e l i a b i l i t y  and c o s t  b a s i s ,  of recovery subsystems 
encompassing a range of requirements and design u n c e r t a i n - i e s .  



Througk t h e  approach described above, t h i s  repor t  provides the  
NASA with a minimum cost  base l ine  and a da ta  bhte  f o r  evaluat ing 
contingencies,  design conservatism, and subjec t  iw value judg- 
ments i n  l i g h t  o f  the  associated program cost  growth. 

An immediate conclusion from t h i s  approach i s  t h a t  i t  is much 
more cost-effect ive t o  minimize t he  remaining unce r t a in t i e s  i n  re- 
quirements (i .e . , deployment and water impact condi t ions)  tllrougri 
addi t iona l  t e s t i n g  and analyses ,  than t o  s e l e c t  a base l ine  re- 
covet y subsystem design incorporat ing add i t i ona l  elements o r  
capab i l i t y  t o  accommodate these u x e r t a i n t i e s .  

The pr inc ipa l  c r i t e r i a  f o r  reducing t o t a l  system c o s t s  a r e  
achieved by designing f o r  low SRB component f a i l u r e  probabi l i ty  
(1%) and high recovery system r e l i a b i l i t y .  These goa ls  a r e  en- 
hanced by s imp l i c i t y  and rugged design. The SRB s t r u c t u r a l  de- 
s ign  approach is in t imate ly  r e l a t e d  t o  recovery system require- 
ments because it has proved t o  be more cos t  e f f e c t i v e  t o  design 
SRB s t r u c t u r a l  components f o r  higher water i n ~ a c t  loads than t o  
reduce impact ve loc i ty  v i a  a l a rge r ,  more c o s t l y  recovery system. 

Analysis 3f ex i s t i ng  d a t a  p red i c t s  an optimum impact ve loc i ty  of 
38 a/s (125 fps).  Ths di f fe rence  i n  tc  t a l  program cos t  between 
the optimum Impact v e l x i t y  and 24.4 m / s  (80 fp s )  v a r i e s  from 
$5 mi l l ion  t o  $30 mi l l ion ,  depending upon DL)T&E cos t  assumptions. 
The 38 m / s  (125 fps)  impact ve loc i ty  was se lec ted  f o r  our pre- 
l iminary design concept because 06 minimum predicted c o s t ,  and 
t o  preserve the  opt ion of a s i n g l e  main parachute with its s i m -  
p l i c i t y  and r e l i a b i l i t y .  

The forward case segments and forward s k i r t  a r e  designed by i n i t i a l  
slapdown loads which a r e  independent of v e r t i c a l  impact ve loc i ty ,  
according t o  ex i s t i ng  test data .  K'relhinary analyses  i nd i ca t e  
t h a t  slapdown loads on SRB Forward s t r u c t u r e  can be s i g n i f i c a n ~ l y  
reduced by leaving the  parachutes a t tached f o r  about th ree  seconds 
a f t e r  impact. 

The i n i t i a l  decelerat ion and s t a b i l i z a t i o n  phase analyses   how 
t h a t  t h e  SRB w i l l  trim a t  a nominal angle of  . a t tack  of 1.75 rad 
(100 deg) with a va r i a t i on  from 1.4 t o  2 tad  (80 t o  115 deg) over 
a 4% body length va r i a t i on  of r e l a t i v e  cg and cp locat ion.  This  
fea ture  r e s u l t s  i n  a recovery system deployment dynamic p r e s s n e  
less than 9600 ~ / r n ~  (200 ps i ) .  These deployment condi t ions 
el iminate  t h e  requirement f o r  a drogue chute. The reen t ry  anal- 
yses a l s o  pred ic t  continuous r o l l  r a t e s  of up t o  1.75 r ad / s  
(100 degls)  a t  deployment, possibly requi r ing  the  addi t ion  of a 
swivel t o  t he  recovery system1SRB s t r u c t u r a l  i n t e r f ace .  



The minimum cost  impact velocity can be achieved by a s ing le  main 
parachute of 40 m (132-ft) nominal diameter, whir:r is below the s i z e  
l imi ta t ion  for  low r i s k  design guidelines establi.yhed f o r  the study 
A single reefing stage is adequate for  t h i s  system. I n i t i a t i o n  cf  
deployment a t  2.3 km (7500 f t )  allows adequate time t o  reach equi- 
librium velocity before inpact. The hybrid system (parachute p l ~ s  
retrorocket) was found t o  be l e s s  cost  e f fec t ive  than an all-para- 
chute system for  impact ve loc i t i e s  above 27.5 m / s  (90 fps) .  

Vertical f lo ta t ion  of the SRB a r i s ing  from natura l  buoyancy is pre- 
dicted with from 6.1  t o  18.3 m (20 t o  60 f t )  of the  SRB above the  
surface of the water. 

Comparison between s t a t i c  test r e s u l t s  of the 120 in.  SRM case and 
the deflect ions experienced during drop tests of a s imi lar  specimen 
indicate a dynamic ampliftcation of loads over the  range of loads 
tested. These data  do not approach f a i l u r e  conditions and the  
trend is  not conclusive: however, i t  may indica te  tha t  the use 
of knock-down fac to r s  f o r  dynamic loads is optimistic.  

The segmented case has approximately 25% greater  s t rength  t o  resist 
slapdown loads than an equal weight monolithic case. This r e s u l t s  
from the s t i f f en ing  e f fec t  of the  segmented case c levis  joints .  

We f e e l  tha t  continued tescing and analysis  is required t o  improve 
confidence i n  exis t ing  data, resolve uncer ta in t ies  i n  some resu l t s ,  
and provide data  where none currently ex i s t s .  Specif ic  recommenda- 
t ions for  t h i s  e f f o r t  a r e  discussed b r i e f l y  i n  t h i s  section. 

The water impact dynamics and resu l t ing  loads applied t o  the  SRB 
must be b e t t e r  understood, pa r t i cu la r ly  a t  higher impact ve loci t ies .  
This should be achieved by conducting addit ional  tests simulating 
ve r t i ca l  impact ve loci t ies  up t o  40 m / s  (130 fps) , wave act ion,  winds, 
parachute forces, thermal t rans ient  e f fec t s ,  and pressure sca l ing  
ef fec ts .  Co~puter  simulation 2apability should be  increased con- 
currently so that  the  test r e s u l t s  =an be included i n  the  simula- 
t ion,  creat ing a good semi-empirical computer model(s) f o r  analyzing 
water impact and f lo ta t ion  dynamics. This capabil i ty is needed t o  
accurately evaluate the e f f e c t s  of configuration modification with- 
out re tes t ing ,  the e f f e c t  of parachute loads on slapdawn, and the  
e f fec t s  of wave act ion and thermal t rans ients  on f lo ta t ion .  



Addi t inna l  wind tunne l  t e s t i n g  of l a r g e r  s c a l e  SRB models a r e  needed 
t o  improve confidence i n  t h e  aerodynamic c h a r a c t e r i s t i c s  i n  subsonic  
and t r a n s o n i c  speed ranges .  The obse rva t ion  and a n a l y s i s  of a 
T i t a n  111 SRV d u r i n g  r e e n t r y  is  recommended t o  inprove conf idence 
i n  our  a b i l i t y  t o  p r e d i c t  r e e n t r y  dyncunics u s i n g  t h e  t e c h n i q u e ,  d m -  
veloped f o r  S h u t t l e  SRS s imula t ion .  These d a t a  ma:; a l s o  i d e n t i f y  
t h e  s i g n i f i c a n c e  of  unsteady aerocynanic  f o r c e s  011 reer- t ry  dynamics. 

T e s t s  should  b e  i n i t i a t e d  t o  provide  d a t a  r ~ n  t h e  problems of para- 
c h u t e  deployment nea r  1.57 rad (90-deg) .: - - ! ?  cf axtack, such a s  
f i s i r n o o k i n g ,  uneven i g f l a t ~ z ' l  of the  ~ i l o :  :i.:i;te, aerodynamic in -  
t e r f e r e r x e ,  e t c .  E x i s t i n g  p a r a c k r e  deploynent s imula t ion  nc-l-1s 
shuuld  be  improved ii z! I - r  acal!:sis of t h i s  approach. 

The computer prograrn genera ted mdcr I n i , - ~ i ~ e ~ t  'IT o f  thi;. . .::ract 
should  b e  expanded t o  provide  i n e r t i a l  r e a c t i o n  a iong t h e  e n t i r e  SRB 
case .  Th i s  w i l l  a l l o w  more a c c u r a t e  a n a l y s l s  o f  dynamic s t r u c t u r a l  
response  d u r i n g  slapdown loading.  The r e s u l t s  of our  conpar ison 
between s t a t i c  stress and dynamic d e f l e c t i o n  of t h e  120-in. c a s e  
were no t  conclus ive .  ';his i s s u e  should  be r e s o l v e a  by performing 
more dynamic a n a l y s i s  of  t h e  slapdown load ing  i n  con junc t ion  w i t h  
a d d i t i o n a l  drop tests and s t a t i c  tests. 

Water impact l o a d s  d a t a  frorr. a l l  tests con3ucted t o  d a t e  have n o t  
been a v a i l a b l e  i n  time f o r  incc rpora r ion  i n r o  the a n a l y s e s  i n  t h i s  
r e p o r t .  Analys is  of t h e s e  d a t a  nus t  con t inue  i n  o r d e r  t o  s u b s t a -  
t i a t e  o u r  conc lus ions  and d e f i n e  requirenenzs  f c r  f u t u r e  t e s t s .  

Recommendations f o r  SRB component des ign  c r i t e r i a  based on c u r r e n t  
r e s u l t s  are a l s o  included.  We f e e l  ::-.at the  s t a g e  hardware compo- 
n e n t s  c r i t i c a l  t o  v e r t i c a l  impact v e i o c i t y  should be designed f o r  a 
1% f a i l u r e  p r o b a b i l i t y  f o r  a n  impact v e l o c i t y  cf 38 m / s  (125 fps ) .  
These components a r e  t h e  a f t  s k i r t  and b a f f l e .  The SKY c a s e  should 
b e  i s o l a t e d  i r o n  wa te r  impact l o a d s  a s  much a s  p o s s i b l e  by dropping 
t h e  nozz le  ex tens ion  b e f o r e  impact and us ing  a b a f f l e  i n  t h e  a f t  
s k i r t  t o  p r o t e c t  t h e  a f t  dome. The forward s k i r t  should be de- 
s igned f o r  a 1% f a i l u r e  p r o b a b i l i t y  f o r  i n i t i a l  slapdown loads .  
Techniques f o r  reducing slapdown l o a d s  should be  developed t o  
minimize c a s e  f a i l u r e s  wi thout  i n c r e a s i n g  NEOP. 

The r a t i o n a l e  f o r  t h e s e  recommendations i s  t h a t  38 m / s  (125 f p s )  
is c u r r e n t l y  p red ic ted  t o  y i e l d  minimun! c o s t s .  L f  t h e  s t r u c t u r e  
is  designed f o r  t h e s e  l o a d s ,  t h e  recovery system des igner  p rese rves  
s e v e r a l  o p t i o n s  f o r  minimizing c o s t s ;  such as s i n g l e  main parachute ,  
c l u s t e r s  of  main parachutes ,  o r  m u l t i p l e  main parachutes  designed 
t o  accomplish recovery w i t h  2 s i n g l e  chu te  f a i l u r e .  Th i s  approach 
a l s o  provides  some s t r e n g t h  margin f o r  t h e  s t a g s  hardware des ign.  
I f  load p r e d i c t i o n s  prove t o  be low, t h e  impact v e l o c i t y  can be  
reduced wi thout  extending t h e  s t a t e  of t h e  ar t  parachute  des ign.  




